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Abstract: Synthesis of fluorene-based conjugated polyelectrolytes
was achieved via Suzuki polycondensation in water and completely
open to air. The polyelectrolytes were conveniently purified by dialysis
and analysis of the materials showed properties expected for
fluorene-based conjugated polyelectrolytes. The materials were then

employed in solar cell devices as an interlayer in conjunction with ZnO.

The double interlayer led to enhanced power conversion efficiency of
10.75% and 15.1% for polymer and perovskite solar cells respectively.

Organic photovoltaics are considered a promising solar energy
conversion technology due to their potential to provide large area
solution-processable, lightweight, low-cost and flexible devices.!
Over the past few years, power conversion efficiencies (PCEs) of
over 11% have been achieved for polymer-based single-junction
organic photovoltaic (OPV) devices with bulk heterojunction
(BHJ) architectures.”? This progress can be attributed to
improvements in device architecture, device processing,
engineering of the interface between electrode and active layer,
and the development of new electron-donor and electron-
acceptor materials.[® 4

Most of the high-efficiency OPV devices employ inverted
device geometries because metal oxide interlayers such as zinc
oxide (ZnO), titanium oxide (TiOy), tin oxide (SnOx), nickel oxide
(NiO), and molybdenum oxide (MoOy), provide enhanced stability
as well as device performance. & Among the various metal
oxides, zinc oxide (ZnO) is a promising electron transport layer
(ETL) because of its stability, transparency, facile synthesis and
high mobility.["! However, the intrinsic surface defects and the
poor contact at the inorganic/organic interface of the metal oxide
ETL and BHJ photoactive layer limit the charge extraction and
transport efficiencies. This decreases the charge carrier collection
efficiency at the electrode, resulting in a poor short-circuit current
density (Jsc) and a low fill factor (FF).[!

To circumvent these issues, ultra-thin buffer layers
comprised of self-assembled monolayers, ionic liquid molecules,
and fullerene derivatives have been introduced to modify the ZnO
ETL.®! The ultrathin buffer layer provides improved adhesion
between the metal oxide interlayer and BHJ active layer,
enhanced electron transfer from active layer to electrode, and
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increased built-in potential due to the dipolar nature of the
interlayer.l*® Recently, an ultra-thin layer of a fullerene derivative
(PCBE-OH) deposited on a ZnO layer was employed as the
cathode buffer layer for inverted OPV in conjunction with the high
performance donor polymer PBDT-BT to give a maximum PCE of
9.4%.1*1 2 Here, the PCBE-OH buffer layer enhances the
electron collection efficiency of the inverted devices by
smoothening and passivating the ZnO surface. Alternatively, the
use of conjugated polyelectrolytes (CPEs), which feature a
delocalized =1 conjugated backbone with pendant ionic groups,
has emerged as a promising design for the cathode interface
modifier.*¥ The CPE buffer layer improves device efficiency by
facilitating charge transport and collection through the formation
of permanent dipole moments at the metal organic interfaces.*4
In earlier reports, a polyfluorene-based CPE, commonly known as
PFN, has been used both as a single* and double*® interlayer
material with ZnO giving enhanced performance in polymer-
fullerene active layer devices. In addition to BHJ OPV devices, it
is also important to develop appropriate interlayer materials for
more stable and efficient perovskite solar cells.[*]
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Figure 1. Synthesis of conjugated polyelectrolyte (CPE) materials PFS-FTEG
and PFS-FC via Suzuki polycondensation in water and air.

In this study, we synthesized two polyfluorene-based CPEs
(PFS-FTEG and PFS-FC) using an innovative aqueous Suzuki
polycondensation approach (Figure 1). The most common
synthetic method for generating CPEs proceeds through a
polymerization of neutral precursor monomers followed by post-
polymerization modification to install the ionic functionalities.[*”- 18]
The precursor route allows the use of common polymerization
catalyst systems to generate an easily analyzed neutral polymer
intermediate.*”] However, this approach suffers from several
drawbacks. The post-polymerization modification must proceed at
extremely high conversion rates to generate the electronically
homogenous material required for reproducibility in OPV
applications. This requirement for high conversion rates is further
complicated by the fact that as the reaction proceeds and a
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nonpolar moiety is made ionic, the solubility of the substrate in the
reaction mixture changes dramatically. Finally and perhaps most
importantly, the conventional polymerizations used in the
precursor route (eg. Stille, Suzuki, Sonagashira, Negishi, or
Yamamoto couplings)*®! often employ hazardous organic
solvents and/or energy-intensive reaction conditions.

The ideal synthesis for industrial applications would employ
green solvents (water or alcohols) under ambient atmosphere.
For this reason, we decided to investigate CPE preparation using
an aqueous Suzuki coupling method initially developed for
bioconjugation.?” The adoption of this synthetic procedure, which
employs pyrimidine ligands rather than oxidatively unstable
phosphine ligands, allows synthesis of the target CPEs in water
with no organic co-solvents and completely open to air. Moreover,
the choice of aqueous solvent facilitates polymerization of the
ionic monomers directly. Monomer building block M1 with
charged sulfonate groups was synthesized and coupled either
with tetraethylene glycol-substituted fluorene boronic acid ester
M2 or carboxylate precursor M3 (Figure 1) to generate the CPEs
PFS-FTEG and PFS-FC respectively. The crude CPE products
were then simply purified by dialysis (see Supporting Information
for full synthetic details and characterization). Gel permeation
chromatography of polyelectrolytes can be complicated and
require specialty equipment, often leading researchers to resort
to rough estimates of molecular weights of polymer products.?Y
As the CPEs in this study were susceptible to acidification,
addition of HCI generated the corresponding polyacids, greatly
facilitating GPC analysis. The acidified CPE samples showed
number average molecular weights of 10.6 and 93 kg/mol for
PFS-FTEG and PFS-FC respectively. The UV-Vis absorption
profiles and frontier orbital energies of these CPEs are
comparable to other polyfluorene-based CPEs in the literature
(see Supporting Information for data).[*8 22

The CPE materials generated were then used in the
fabrication of inverted OPV devices with a ZnO/CPE bilayer as
the ETL. The molecular structure of the photoactive layer
materials PTB7-Th and PC7:BM as well as the energy levels of
the components used in the devices are shown in Figure 2a and
2b, respectively. The CPE layers were deposited by spin coating
from ethanol giving layer thicknesses of ~5 nm. Films of ZnO,
ZnO/PFS-FTEG and ZnO/PFS-FC deposited on ITO substrates
possessed high transparency with >80% average transmittance
in the visible region (Figure 2c).

To investigate the effect of CPE materials on the ZnO layer,
photoluminescence (PL) measurements of ZnO, ZnO/PFS-FTEG
and ZnO/PFS-FC films on ITO coated glass substrate were
recorded (Figure 2d). For the ZnO coated substrate a strong
broad emission band at 540 nm was observed, indicating the
presence of defect states in ZnO.?% Upon deposition of either
PFS-FTEG or PFS-FC layer on the ZnO film, the PL emission at
540 nm was quenched completely thus confirming the formation
of a CPE layer on the ZnO surface as well as passivation of defect
state (oxygen vacancy) in ZnO layer. Here, the ultra-thin CPE
layer coordinate with ZnO by sharing lone electron pair of oxygen
in the polar side-chain group of the conjugated polyelectrolyte,
which effectively passivate the defect state of ZnO.P4 Similar
effect of surface passivation was reported earlier by our group
using self-assembled PCBE-OH layer on ZnO surface for
passivation of defect state.'] In addition to surface passivation,
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the CPE layer can also improve charge transport at the interface.
Atomic force microscopy (AFM) showed reduced roughness of
the ZnO surface on treatment with the CPE solutions (Supporting
information Figure S8 & S9). Scanning Kelvin probe microscopy
experiments revealed higher surface energy values for CPE
treated films (Figure S10). Both the improved surface smoothness
and surface energy should have a positive impact on interfacial
contact and, ultimately, performance in devices.
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Figure 2. a) Molecular structure of PTB7-Th and PC71BM; (b) Energy level
diagram of the components used in OPV device; (c) Optical transmittance
spectra and (d) Photoluminescence spectra for ITO/ZnO, ITO/ZnO/PFS-FTEG
and ITO/ZnO/PFS-FC film.

Inverted OPV devices were fabricated with the architecture shown
in Figure 3a. Table 1 summarizes the performance characteristics
of solar cell devices including open-circuit voltage (Voc), short-
circuit current density (Js¢) and fill factor (FF), under 1 sun
illumination. The current density—voltage (J-V) characteristics of
these OPV devices are shown in Figure 3b. The inverted OPV
device with ZnO-only ETL showed a very good PCE of 9.7% in
line with literature reports.*? The use of either PFS-FTEG or PFS-
FC CPEs improved the device performance to 10.75% and 10.3%
respectively. The enhanced PCE was mainly due to the significant
increase in Jsc and FF. We also fabricated devices with CPE layer
alone and the J-V curve is shown in Figure S7. The devices with
pure CPE layer had significantly lower power conversion
efficiency compared to ZnO/CPE devices (Table S2). The CPE
only devices all showed low fill factors and this could be a result
of poor surface coverage of the CPE material on ITO. Good
surface coverage of interlayer materials is essential for high
performance. 2!

The external quantum efficiency (EQE) spectrum (Figure 3c)
of the devices confirmed current enhancement across the entire
absorption range. By integrating the EQE spectra, the calculated
Jsc Of 16.8, 17.60 and 17.40 mA/cm? were obtained for the ZnO,
ZnO/PFS-FTEG and ZnO/PFS-FC devices respectively which
were in good agreement with J-V measurements as shown in
Table 1. In more detailed current-voltage experiments (see
Supporting Information for data and discussion, Figure S11),
there was strong evidence that the improved Jsc with CPE devices



was the result of improved charge extraction at the active
layer/ETL interface and charge collection at the electrodes. [l
Improved diode characteristics were also observed for CPE
devices in dark current experiments indicating efficient electron
collection at the cathode interface enabled by the high-lying
lowest unoccupied molecular orbital (LUMO) energy levels of the
buffer layers (Figure S12).27 Lower resistance was measured for
devices containing CPE buffer layers in alternating current (AC)
impedance spectroscopy experiments further supporting the
current-voltage device performance results (Figure 3d).
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Figure 3. (a) Schematic diagram of inverted device geometry and (b) J-V curve;
(c) EQE spectrum and; (d) Nyquist plot (electrical impedance) of the BHJ solar
cells containing various ETLs ZnO, ZnO/PFS-FTEG and ZnO/PFS-FC.

Table 1. Photovoltaic performance of PTB7-Th:PC7:BM solar cells.

Interlayers (m Ajfémz) Vo (V) (';OF) PCE (%)
zno 175025  078%0.01 672 9'5(();7())'20
ZnO/PFS-FTEG ~ 18.3#0.20  0.8030.02 722 108%_1;%15
ZnO/PFS-FC  18.0%0.30  0.80+0.02 69 +3 10'(11%_28)'20

[a] Average values and standard deviation of device statistics from 10
devices are given in parentheses

The CPE interlayer materials were also deployed in
perovskite solar cell devices. The device geometry of the
perovskite devices is shown in Figure 4a.> 281 Detailed device
fabrication conditions are provided in the Supporting Information.
The J-V characteristics of planar methylammonium lead iodide
(MAPDIs)-based perovskite solar cells with ZnO, ZnO/PFS-FTEG
and ZnO/PFS-FC as ETL are shown in Figure 4b and their
photovoltaic properties are summarized in Table 2. The device
with ZnO-only ETL gave an average PCE of 12.0% with significant
enhancements observed for devices using the CPE interlayers.
Maximum PCE of 15.1% was obtained for the ZnO/PFS-FTEG
device. As in the BHJ OPVs, the increase in the Jsc observed in
devices with the CPE buffer layer suggested that the CPE layer
forms a better interface with the perovskite film leading to
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improved electron extraction through suppression of non-
geminate recombination.?? To illustrate device reproducibility, a
histogram of device performance obtained from 20 devices is
provided in Figure S13. Greater than 70% of the devices gave
PCEs over 15% with a standard deviation of 0.3%.
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Figure 4. (a) Schematic diagram of perovskite solar cell and (b) J-V curves of
the perovskite devices with various electron transport layers ZnO, ZnO/PFS-
FTEG and ZnO/PFS-FC.

Table 2. Statistics and best photovoltaic parameter for perovskite solar cells
with various ETLs.[

Jsc FF .
Interlayers (mAJcm?) Voc (V) %) PCE (%)
ZnO 19.2 +0.20 1.02 +0.02 61+3 11.75+0.25
(12.0)
ZnO/PFS-FTEG 20.9 £0.25 1.04 £0.01 69 £2 14.90 £ 0.20
(15.1)
ZnOIPES-FC 20.8 +0.35 1.04 +0.02 64 +3 13.&(3;)319()).30

[a] Average values and standard deviation of device statistics from 10
devices are given in parentheses

In summary, inverted OPV and perovskite devices with
maximum PCEs of 10.75% and 15.1% respectively were
fabricated through incorporation of a solution processed
ZnO/PFS-FTEG interlayer. Two novel CPE interlayer materials,
PFS-FTEG and PFS-FC, were synthesized via Suzuki
polycondensation in water without organic co-solvents in air.
These fluorene-based CPE materials produced interlayers that
exhibited high transparency and smooth surface morphololgy
while lowering the work function of ZnO coated ITO substrates.
With this double interlayer, enhanced photovoltaic properties
were observed compared to ZnO-only devices. The high
performance of OPV and perovskite devices resulted from the use
of an ultrathin CPE buffer layer which improved the charge
collection efficiency by suppressing non-geminate recombination
and decreasing series resistance. These results showed that the
CPE modified ZnO ETL is an attractive way to improve
performance of OPV and perovskite devices especially for large-
area fully printed applications.

Experimental Section

Detailed synthesis procedures and characterisation data for the CPE
materials as well as device fabrication procedures and characterisation
can be found in the Supporting Information.
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