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ABSTRACT
Conjugated polyelectrolyte (CPE) interfacial layers present a powerful way to boost the I-V
characteristics of organic photovoltaics. Nevertheless, clear guidelines with respect to the structure
of high-performance interlayers are still lacking. In this work, impedance spectroscopy is applied
to probe the dielectric permittivity of a series of polythiophene-based CPE’s. The presence of ionic
pendant groups grants the formation of a capacitive double layer, boosting the charge extraction
and device efficiency. A counteracting effect is the diminishing affinity with the underlying
photoactive layer. To balance these two effects, copolymer structures containing non-ionic side
chains are found to be beneficial.
KEYWORDS: organic photovoltaics, cathode interlayers, conjugated polyelectrolytes,
impedance spectroscopy, dielectric permittivity
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Organic photovoltaics (OPV) have demonstrated strong potential as an innovative source of
renewable energy, adding appealing features to classical solar cell technology, in particular in
terms of architectural freedom (flexibility, reduced weight, color, semi-transparency), low-light
performance and low cost (high throughput) large area production.1-2 Polymer solar cells
comprised of intimate blends of conjugated polymers and (methano)fullerenes have recently
demonstrated power conversion efficiencies (PCEs or η) exceeding 10% in single junction devices,
mainly through extensive structural optimization of the polymer donor material.3-5 Simultaneously,
interface optimization through dedicated interlayer materials has afforded significant
enhancements of one or more I-V parameters. Conjugated polyelectrolytes (CPEs), conjugated
polymers containing multiple ionic moieties, are frequently employed as cathodic or anodic
interlayer materials, as the ionic nature allows for processing from orthogonal (eco-friendly)
solvents.6-8 One particular CPE material that stands out is PFN ({[9,9-bis(3’-N,Ndimethylamino)propyl]2,7-fluorene}-alt-2,7-(9,9-dioctylfluorene)), widely used as a powerful
interfacial layer with a reported top efficiency of 9.2% when applied in an inverted solar cell stack
in combination with PTB7:PC71BM.3 Apart from conjugated polymer based interfaces, alternative
organic materials are considered as well, such as the non-conjugated polymer PEIE
(polyethylenimine ethoxylated), small molecule and C60 derivatives.9-11
The detailed working mechanism of the organic interlayers, in particular with respect to the
structural properties of the employed materials, is not fully understood at this stage. The generally
accepted understanding involves the formation of an interfacial dipole, as demonstrated through
Kelvin probe force microscopy (KPFM) or ultraviolet photoelectron spectroscopy (UPS).8,10 By
deposition of a charged species on top of an apolar (active layer) or metallic (electrode) substrate,
preferred orientation of the ionic moieties results in a shift in the vacuum level.12 Other hypotheses
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comment on the energy level alignment at the organic/metal interface or active layer doping.13,14
An extensive investigation on the influence of different interlayer materials on top of various
substrates was performed by Kemerink et al.15 The proposed mechanism involves the formation
of an image charge, causing alterations in the work functions (as determined by KPFM). From
these findings, a model was postulated involving the formation of dipoles depending on the ability
of the charged constituents to move. Additionally, it was shown that the size of the counter-ion
determines the extent to which the work function can be manipulated. No definite translations
toward photovoltaic performances were made, however. Continuing from this study, Bao and coworkers recently proposed a general model for energetics at conjugated electrolyte/electrode
interfaces, combining the interface dipole step induced by ion migration or side chain electrostatic
realignment with equilibration of the Fermi level due to oxidation/reduction of the π-delocalized
backbone at the interface as per the ‘integer charge transfer’ model.16 They outline how conjugated
electrolytes should be designed to achieve the smallest charge injection/extraction barrier
combined with optimized charge transport. For thick charge transporting interlayers, donor πconjugated anionic CPEs and acceptor π-conjugated cationic CPEs are optimal as anode and
cathode, respectively, breaking through the current thickness limitation, whereas for thin tunneling
interlayers, acceptor π-conjugated anionic CPEs and donor π-conjugated cationic CPEs are optimal
as anode and cathode.
In 2011, Bazan et al. reported on polythiophene-type cathodic interfacial materials with pendant
trimethylammonium groups (P3TMAHT).17 For standard architecture polymer solar cells based
on PCDTBT:PC71BM, a PCE of 6.3% was obtained (compared to 5.3% without interlayer). In
previous work, we have replaced Bazan’s trimethylammonium end groups by imidazolium
functionalities.18 Application of this material as cathodic interlayer in standard architecture
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PCDTBT:PC71BM solar cells resulted in a PCE of 6.7%, a clear enhancement in comparison to
the reference device (5.7%) and devices with P3TMAHT as interfacial layer (6.5%). In the present
work, we have examined a broader array of potential cathode interlayer materials, based on a
common polythiophene backbone, but decorated with different pendant side chains bearing
various ionic end groups, with the goal to elucidate the underlying mechanism for improved
performance (particularly photocurrent). The polythiophene based CPEs clearly belong to the class
of thin tunneling donor π-conjugated cationic CPE interlayers.16 The main advantage of the
polythiophene backbone resides in its structural (synthetic) versatility, as copolymer structures are
readily obtained with high control over the final composition and topology.
From the range of available CPEs,19-22 four representative materials were selected, three
homopolymers containing imidazolium, pyridinium and phosphonium end groups, as well as a
specific random (50/50) copolythiophene with triethylene glycol and imidazolium-substituted
hexyl side chains (Figure 1). The corresponding counter-ions were limited to bromide and
bis(trifluoromethylsulfonyl)imide (TFSI). As a donor polymer, PBDTTPD (poly[bis(2’ethylhexyloxy)benzo[1,2-b:4,5-b’]dithiophene-alt-N-octylthieno[3,4-c]pyrrole-4,6-dione])
(Figure S1) was chosen, which has been reported to deliver PCEs up to 8.3% in combination with
PC71BM.23-25
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Figure 1. Chemical structures of the employed polythiophene-based conjugated polyelectrolytes
P1−P4.
The PBDTTPD copolymer (Mn 43 kDa, Ð 2.3) employed in the photoactive layer was prepared by
Stille polycondensation in a continuous flow synthesis set-up, allowing more straightforward
material upscaling with minimal batch-to-batch variations.25 Ionic (co)polythiophenes P1−P4
were prepared according to previously reported procedures (see Supporting Information for the
synthesis of P2,TFSI and P3,TFSI).19-21 Kumada catalyst transfer polymerization (KCTP) was
employed to synthesize bromoalkyl-functionalized polythiophene precursors and subsequent postpolymerization functionalization afforded the ionic derivatives. Finally, the bromide counter-ions
were exchanged for more hydrophobic TFSI ions to expand the structural diversity and avoid the
hygroscopic features imposed by the Br- ions (vide infra).
Prior to evaluation of the interlayer materials in polymer solar cell devices, rapid heat-cool
calorimetry (RHC) analysis was performed on these materials, mainly aiming at the determination
of the glass transition temperatures (Tg’s) (Figure S10, S11 and Table S2). Exchanging the bromide
ion for TFSI resulted in considerably lower Tg’s and a strong plasticizing effect was observed. As
illustrated in Figure S10, the polythiophene based CPEs containing bromide counter-ions show a
strong hygroscopic behavior, indicated by the broad temperature range to remove residual water
7

during the first heating. Considering the formation of dipoles at the interface, the presence of water
risks to obscure underlying mechanisms, hindering comparison of the different interfacial
materials. Therefore, it was decided to focus on the CPEs containing TFSI counter-ions, for which
no hygroscopic character was observed (Figure S10).
To evaluate the effect of the different polythiophene based interlayer materials on device
efficiency, bulk

heterojunction

polymer solar cells

with

the standard architecture

glass/ITO/PEDOT:PSS/PBDTTPD:PC71BM/interlayer/Al were prepared. For the photoactive
layer (PAL), a total concentration of 20 mg/mL was utilized (1:1.5 polymer:PC 71BM ratio) and
the reference device employed calcium instead of a CPE, affording an average PCE of 7.3% (with
a top efficiency of 7.9%). Polythiophenes P1−P4,TFSI were spin-coated on top of the PAL from
methanol solutions with optimized concentrations (0.25 mg/mL for P1−P3,TFSI, 1 mg/mL for
P4,TFSI) providing highest efficiencies. Table 1 and Figure S12 show the improvements in
photovoltaic performance upon incorporation of the cathodic interlayers. The enhanced PCEs can
mostly be ascribed to higher short-circuit current densities (Jsc). Utilization of P4,TFSI resulted
in an additional small gain in fill factor (FF), resulting in a top PCE of 9.1% (average 8.2%). A
negligible difference between forward and reverse bias was observed and the measurement speed
did not significantly alter the I-V parameters either. A control device with pure methanol spincoated on top of the PAL also provided some efficiency increase (7.7% average, 7.9% best PCE),
in accordance with previous findings,17,18 but the obtained values were still significantly below the
efficiencies observed upon incorporation of the CPE interlayers. Finally, a reference device
without any interlayer (no Ca or CPE) nor methanol treatment was fabricated as well,
demonstrating a reduced Voc and FF, similar to past observations.17,18 The best performing
interface material, P4,TFSI, was also deposited on top of PCDTBT:PC71BM (1:4

8

polymer:PC71BM ratio), showing a similar rise in efficiency, but this time strongly affecting all IV parameters (Table 1).
Table 1. Photovoltaic performances of PBDTTPD:PC71BM and PCDTBT:PC71BM polymer
solar cells with or without the incorporation of cathode interfacial layers.
PAL donor material

Interfacial material

Voc [V]

Jsc [mA/cm2]

FF

Average η [%]a)

Best η [%]

PBDTTPD

Ca

0.92 ± 0.00

11.28 ± 0.69

0.71 ± 0.01

7.32 ± 0.20

7.91

PBDTTPD

P1,TFSI

0.92 ± 0.00

11.57 ± 0.55

0.70 ± 0.00

7.44 ± 0.38

8.08

PBDTTPD

P2,TFSI

0.93 ± 0.01

12.12 ± 0.67

0.70 ± 0.02

7.90 ± 0.41

8.54

PBDTTPD

P3,TFSI

0.92 ± 0.01

11.73 ± 0.60

0.71 ± 0.01

7.72 ± 0.37

8.30

PBDTTPD

P4,TFSI

0.93 ± 0.01

12.25 ± 0.76

0.72 ± 0.01

8.21 ± 0.51

9.08

PBDTTPD

/

0.88 ± 0.01

11.69 ± 0.11

0.64 ± 0.01

6.49 ± 0.22

6.79

PCDTBT

Ca

0.85 ± 0.01

10.15 ± 0.76

0.53 ± 0.03

4.54 ± 0.37

5.11

PCDTBT

P4,TFSI

0.89 ± 0.01

11.55 ± 0.73

0.59 ± 0.03

6.01 ± 0.40

6.42

a)

Average efficiencies gathered over 16−20 devices.

Ultraviolet photoelectron spectroscopy (UPS) measurements were performed for P1−P4,TFSI
when deposited on either the applied device stack (without top electrode) or on passivated
aluminum films. The work function of the PBDTTPD:PC71BM PAL was determined at 4.66 eV,
and upon incorporation of the CPEs, no significant differences between the interlayer materials
could be observed, with work functions varying around 4.5−4.7 eV (Figure S13). Alternatively,
deposition of the CPEs on top of passivated Al films showed a clear decrease in work function
from 3.9 eV for Al to 3.7–3.8 eV for the different interlayers (Figure S14), similar to when
employing calcium. No distinct trend among the interlayer series could be determined, however.
To gain insights into the deposition behavior of the CPE materials on top of the
PBDTTPD:PC71BM active layer blend and its potential influence on the final photovoltaic
performance, atomic force microscopy (AFM) measurements were performed (Figure 2, with the
corresponding adhesion images in Figure S15). For a dedicated comparison, all CPE materials
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were spin-coated from methanol in identical concentrations (0.25 mg/mL). As can be observed,
the AFM images clearly demonstrate an incomplete PAL coverage with the formation of stain-like
structures. Noteworthy are the strong differences in height-width ratios for the various CPEs,
potentially linked with the observed trend in solar cell performance (P1,TFSI < P3,TFSI <
P2,TFSI < P4,TFSI). For P1,TFSI and P3,TFSI, the strongest ‘dewetting’ is observed, with
globule heights up to ~30−40 nm. The deposition of P2,TFSI occurred slightly more beneficial,
with globule thicknesses up to ~18 nm. The increased affinity of P4,TFSI (with a slight
enhancement in FF and top PCE in comparison with P1−P3,TFSI) for the underlying
PBDTTPD:PC71BM layer (best height-width ratio of the globules, maximum height ~13 nm) can
possibly be ascribed to the copolymer nature of this CPE, with 50% of non-ionic side chains.26
Furthermore, the active layer coverage of a specific CPE material also differs when processed on
top of a different PAL. The coverage of P4,TFSI on top of PCDTBT:PC71BM is clearly more
homogeneous (Figure S16), possibly identifying the origin of the observed differences in
photovoltaic performance enhancement.
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Figure 2. AFM topography images of the polymer solar cells (PBDTTPD:PC71BM) based on a)
P1,TFSI, b) P2,TFSI, c) P3,TFSI, and d) P4,TFSI. The relative area covered by the CPE is 12,
19, 13 and 22% for P1–P4,TFSI, respectively.
The side chain functionalities on the CPE materials applied in the present study are known to grant
an increased dielectric constant (ε). The correlation between the dielectric properties of CPE
interlayers and increased solar cell performance has, however, not yet been studied in detail.
Enhancement of ε in organic semiconductors is considered to be a key parameter toward OPV
performance improvement,27-33 since it can diminish important loss processes originating from
Coulombic interactions between oppositely charged charge carriers. High permittivity materials
show lower exciton binding energies and hence recombination decreases, improving the charge
carrier extraction efficiency.34,35 When targeting dielectric permittivity enhancement, activities
have so far focused mainly on the photoactive layer materials.28-33 Nonetheless, concerning
dielectric thin films, it was recently demonstrated that incorporation of highly polarizable materials
can reduce the surface-charge accumulation at the interface, thereby enhancing the photovoltaic
performance in PTB7:PC71BM solar cells.36
To confirm the correlation between the high dielectric constants of the interlayer materials and
improved solar cell performance, we performed impedance spectroscopy measurements. The
P2,TFSI and P4,TFSI materials were analyzed in detail, as they provided the largest PCE gains.
Measurements were performed on both pristine interlayer films in a diode structure (impedance
and phase angle spectra in Figure S17). Figure 3a illustrates the real component, permittivity (ε’),
and the imaginary component, dielectric loss (ε”), of the complex permittivity as a function of
frequency for the pristine interlayer diodes. In the low frequency range (10–102 Hz), the
permittivity values are large for both P2,TFSI (ε’ ~ 75) and P4,TFSI (ε’ ~ 50) and decrease with
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increasing frequency. The low frequency regime, i.e. approaching DC conditions, is most relevant
for understanding solar cell operation. The permittivity values are quite high compared to other
values commonly determined for polythiophene derivatives (ε ~ 3 for P3HT).33,37 The high
permittivities of the CPEs are attributed to the ionic end groups of the polymers, which align due
the applied electric field to form a capacitive layer. The larger permittivity observed for P2,TFSI
can be ascribed to the polymer structure. P2 is a homopolymer, fully decorated with ionic moieties,
while P4 is a statistical copolymer containing only 50% of ionic end groups. The decrease in
permittivity with frequency is a result of the finite speed at which the dipoles in the system can
follow changes in the applied electric field. At intermediate frequencies (102–104 Hz), the
permittivity of P2,TFSI decreases more rapidly with frequency, resulting in lower values than for
P4,TFSI at frequencies above 104 Hz. We additionally observe a feature in the P2,TFSI spectrum
at frequencies between 103–104 Hz. Furthermore, the dielectric loss spectra demonstrate higher
values of ε” for P2,TFSI than for P4,TFSI over the entire spectrum, as well as the occurrence of
a peak at 104 Hz in the loss tangent (ε”/ε’) spectrum (Figure S18). Dielectric loss is associated
with heat dissipation from dipole reorientation in a changing electric field, and hence the peak at
104 Hz in the loss spectrum of P2,TFSI can be attributed to losses related to rearrangement of the
ionic groups. In contrast, the permittivity of P4,TFSI is relatively more constant with frequency
and no notable features are observed in the loss spectrum. This indicates that the chemical structure
of the copolymer, which includes triethylene glycol pendant groups, leads to a more stable dipole
alignment. Finally, at high frequencies (105–106 Hz), the permittivity of both materials decreases
further, as the ionic moieties cannot follow the rapidly changing electric field.33 Summarizing these
results, it is apparent that adding ionic end groups significantly increases the permittivity.
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However, the molecular structure is important for controlling ionic orientation and stabilizing the
interfacial dipole.
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Figure 3. a) Dielectric permittivity (real (ε’ – squares) and imaginary (ε” – circles) components)
for pristine interlayer diodes based on P2,TFSI and P4,TFSI. b) Impedance spectra of the
reference PBDTTPD:PC71BM device (black symbols) and solar cells incorporating P2,TFSI (red
symbols) and P4, TFSI (blue symbols) interlayers taken under illumination at a DC offset
voltage of 0.9 V. The spectra were fit with an equivalent circuit model (black lines).

To correlate the influence of the high permittivity values of the interlayers with solar cell
performance, we performed impedance spectroscopy on the solar cells in the dark and under

13

illumination at a DC voltage offset close to open circuit conditions (0.9 V). In Figure 3b, the
illuminated impedance spectra of the reference device and solar cells incorporating P2,TFSI and
P4,TSFI are shown in a Nyquist plot. The spectra were modeled using an equivalent circuit
consisting of three resistor-capacitor (RC) elements,38 and the data from fits are represented in the
figure. A detailed description of the equivalent circuit modeling as well as the dark impedance
spectra can be found in the Supporting Information. From the real component of the impedance
(Z’), it can be seen that the total device resistance is highest for the reference device (79 Ω) and
considerably lower for the devices incorporating the interlayers (~24 Ω). We observe that the total
resistance of the device without the interlayer remains constant between the dark (76.7 Ω) and
illuminated (78.8 Ω) measurements. In the case of the devices with the interlayers, a substantial
decrease in device resistance is seen (from 52.2 Ω to 24.6 Ω for P2,TFSI, and from 46.3 Ω to 23.4
Ω for P4,TFSI). Additionally, from the modeling we find that the total device capacitance is a
factor of two higher under illumination in solar cells with the interlayers (~ 60 nF) compared to
the reference device (28 nF). The increase in capacitance observed in the solar cells cannot be
attributed to the high permittivity of the interlayers alone, as the dark measurements reveal only a
slight increase in capacitance upon incorporation of the interlayers (from 30 nF to 40 nF). The
decrease in device resistivity (i.e. increase in conductivity) and increase in device capacitance
under illumination in the solar cells incorporating the interlayers can be associated with increased
photocurrent in the active layer.
To evaluate the influence of the transient dielectric properties of the interlayers on the solar cells
under short circuit conditions, we performed external quantum efficiency (EQE) measurements.
These measurements were performed at low chopper frequencies between 21 and 471 Hz. At these
lower frequencies, it is expected that the interlayers have the strongest impact on the photocurrent.
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Plotting the integrated current densities as obtained from EQE (JEQE) in function of the chopper
frequency revealed a similar trend as observed in Figure 3 (EQE spectra in Figure S20). As
illustrated in Figure 4, the JEQE of a reference PBDTTPD:PC71BM device remains almost constant
over the entire range of applied frequencies. However, upon incorporation of the CPE interlayers,
a pronounced frequency dependence of the JEQE values is observed. Higher values are measured
at low chopper frequencies due to a beneficial orientation of the ionic groups on the polythiophene
side chains. Increasing the frequency of the chopper leads to a decrease in the extent of preferred
ionic orientation, resulting in JEQE’s approaching the reference values. Furthermore, Figure 4
illustrates that the JEQE of the device based on P4,TFSI always resides at a higher value than
observed for P2,TFSI. From the AFM results and the impedance analysis, we believe this to be
correlated to the higher coverage of the underlying photoactive layer combined with more
beneficial ionic orientation. Even though P2,TFSI, containing (relatively) more ionic groups,
exhibits a higher potential for capacitive double layer formation, its chemical structure reduces the
molecular ordering as well as its affinity for the underlying photoactive layer, consequently
reducing its effectiveness in improving device performance. In contrast, P4,TFSI, bearing
triethylene glycol side chains in combination with ionic pendant groups, allows for both a higher
compatibility with the underlying PBDTTPD:PC71BM active layer as well as the formation of a
stable capacitive double layer, and therefore a stronger enhancement in PCE.
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Figure 4. Integrated current densities from the EQE spectra of polymer solar cell devices
(PBDTTPD:PC71BM) in function of chopper frequency.

In conclusion, we have demonstrated a considerable improvement in polymer solar cell efficiency
upon insertion of polythiophene based cathodic interlayers. Application of copolymer P4,TFSI to
PBDTTPD:PC71BM solar cells afforded a top efficiency of 9.1% for this photoactive layer
(compared to 7.9% for the reference device). Combination of the RHC, UPS, AFM, impedance
and EQE data gathered in this study provided deeper insights in the fundamental working
principles underpinning improved device performance. With impedance spectroscopy and
frequency dependent EQE measurements, the importance of transient measurements for
understanding interfacial dipole formation and the corresponding influence on solar cell
performance was demonstrated. The achieved insights also allow to formulate some design rules
toward optimal (polythiophene based) CPE interlayers. Counter-ions affording hygroscopic
materials should be avoided to increase device (efficiency) reproducibility. The presence of ionic
pendant groups allows orthogonal processing on top of the photoactive layer and grants the
formation of a capacitive double layer, boosting the charge extraction and device efficiency. A

16

counteracting effect is that the material’s affinity with respect to the underlying photoactive layer
diminishes. To enhance the interlayer-photoactive layer compatibility, copolymer structures
containing a certain amount of non-ionic side chains are found to be beneficial. However,
traditional alkyl side chains reduce the polarity and can cause solubility issues. In general, a more
covering interfacial layer with a retained ability to create a stable capacitive double layer will grant
strongest performance enhancement. Further efforts on copolymer structures with different
monomer compositions19-21 have been initiated to support the hypotheses formulated and to
optimize OPV device performance.
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