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All-polymer solar cells (all-PSCs) based on binary blends of napthalenediimide
biselenophene acceptor copolymer (PNDIBS) with wide-bandgap selenophene-containing donor
copolymers, PBDB-S and PBDBS-T, were fabricated and characterized to investigate the effects
of alkylselenyl side-chain and selenophene m-spacer on the respective polymer donors and
compared to their thiophene equivalent, PBDB-T. Compared to PBDB-S, PBDBS-T displayed a
narrower bandgap and red-shifted absorption owing to an upshifted HOMO by 0.13 eV. Both
donors displayed significantly enhanced hole mobilities compared to PBDB-T, resulting in
significantly higher photocurrent values of 17.51 mA/cm? and 18.31 mA/cm?. Additionally, the

superior crystallinity, and phase-separated morphology conferred by PBDBS-T resulted in



efficient exciton dissociation and charge transport, enabling greater fill factors up to 63.5% and
9.5% efficiency. These results indicate that a selenophene n-spacer in a D-A polymeric backbone
is beneficial to the photovoltaic properties, photophysics, and morphology of all-PSCs and is a

promising molecular design strategy to develop highly efficient all-PSCs.
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Chapter 1. Introduction.

1.1. Background.

Harvesting energy from sunlight using photovoltaics (PV) have garnered great interest to
scavenge energy from renewable and low-cost sources, triggered by the gradual depletion of fossil
fuels and ever-increasing carbon footprint. Photovoltaic technology may be broadly classified into
three generations, and among them, organic photovoltaics (OPVs) are classified as the emerging
third-generation photovoltaic technology. Some of the intrinsic properties of organic
semiconductors have evoked serious consideration as viable alternatives or complements to the
established inorganic photovoltaics (IPVs).! The mechanical advantages offered by OPVs
(lightweight, high flexibility, transparency)?~ and the relative ease of fabricating these devices
through low-cost solution processing have distinguished organic photovoltaics as an
ergonomically feasible alternative for mass production and roll-to-roll manufacture.®’ Thus, OPVs
can be used to realize portable, wearable energy sources or window tinting applications, which
were previously difficult using IPV technology.

Subsequently, extensive efforts were dedicated to the development of bulk heterojunction
polymer solar cells (PSCs), which comprised of an interpenetrating network of n-type electron-
accepting semiconductors and p-type electron-donating semiconductors, formed through the
admixture of the phases in solution to form a blend. Early studies extensively used a combination
of semiconducting donor polymers and buckminsterfullerene derivatives. Phenyl-Csi-butyric acid
methyl ester (PCBM) was used ubiquitously in PSCs as an acceptor material because of to its deep
lowest unoccupied molecular orbital (LUMO) and high electron mobility.®~!! This motivated the
investigation of molecular design strategies in the synthesis of donor polymers to facilitate efficient
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charge separation and exciton dissociation. However, the significant drawbacks of PCBM systems,
namely difficulty in synthesis, limited absorption window in the visible range, low chemical and
electronic tunability, and poor solubility in conventional halogenated solvents reinforced the need
to pioneer novel n-type semiconductors.!>"!> Among them, the development of systems composed
of a p-type polymeric electron donor and an n-type electron acceptor polymer dubbed as All-
Polymer Solar Cells (all-PSCs) has risen to prominence. All-PSCs displayed superior thermal,
mechanical, photostability, and very high chemical tunability compared to their fullerene
counterparts. However, their performances still lag behind those of Fullerene-acceptor and small-

molecule acceptor (SMA) solar cells and this reinforces the need to investigate novel molecular

design strategies and optimization techniques to achieve better power conversion efficiencies.!®!”
1.2. Organic Solar Cell fundamentals: Architecture and working principle:
(b)
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Figure 1. (a) Structure and (b) working mechanism of a bulk-heterojunction organic solar cell.

Figure 1a. illustrates the schematic representation of an organic solar cell, which consists

of a bulk heterojunction (BHJ) active layer composed of an electron-rich and an electron-deficient



species, flanked by charge selective interfacial layers and electrodes to collect the photogenerated
charges. In an ideal BHJ structure, upon blending and casting of the active layer, the phases
undergo nanoscale phase separation to form a bicontinuous two-phase interpenetrating network
with a reasonably large interfacial area between the donor and acceptor domains to facilitate
efficient charge dissociation provided by hole and electron pathways. The holes and electrons then
migrate through the donor rich and electron-rich phases upon illumination towards their respective
electrodes where they are harvested.!?

Thus, the working mechanism of an organic solar cell may be summarised into the
following steps as represented by Figure 1b: (1) The photoexcitation induced by illumination
generates a Coulombically bound electron-hole pair (dubbed exciton) by the donor phase. (2) The
exciton diffuses to the donor-acceptor interface, (3) whereupon it dissociates to form a geminate
pair. (4) The free charges are then collected at their respective electrodes. It should be noted though
that the feasibility of (3) is dependent on the binding energy Ep of the exciton. While it is
insignificant for inorganic and perovskite solar cells, organic materials exhibit relatively large
binding energies. For instance, E, of poly(3-hexylthiophene) P3HT is in the range of 0.7eV'3,
which can prove to be detrimental to charge separation in a single component system. Therefore,
it is critical to select and blend active layer materials that are so chosen such that there is a sufficient
driving force to facilitate charge dissociation. The driving force for the process may be
quantitatively determined by studying the HOMO (Highest Occupied Molecular Orbital) and
LUMO (Lowest Unoccupied Molecular Orbital) offset between the acceptor and donor

respectively.
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Figure 2. Parameters of interest to evaluate OPV performance.
The performance of an organic solar cell may be quantified by investigating the power

conversion efficiency (PCE%) of the device which is represented as follows:

Jsc * Voo * FF
P;

PCE =

Pin refers to the power density of the incoming solar illumination, Js the short-circuit
current, Voc the open circuit potential, and FF is the fill factor. (The latter is denoted as
Prax/(Jsc*Voe) With Prax as the maximum power density) The Ji is limited by the ability and the
rate at which the incoming photons are absorbed by the donor and acceptor materials, the efficiency
of exciton dissociation, and the effectiveness of the flanking charge transport layer and electrodes
in charge collection.!” The V. on the other hand is dependent on the donor-acceptor energy offset,
interfacial area, and the radiative and non-radiative recombination processes.?’ Thus, a
compromise must be reached between Jsc and Voc. The most efficient OPVs feature materials that

absorb as much radiation as possible in the visible and near-infrared regions of the solar spectrum

(possibly with a wide bandgap material) and deeper energy levels.?!



Therefore, it is of interest to understand the interactions between donor and acceptor phases
from both a device engineering perspective and at a molecular level to maximize light harvesting
and achieve an optimal morphology between the phases to minimize undesirable recombination
processes that inhibit photovoltaic effects.

1.3. Major hurdles:

Polymer solar cells (PSCs) have garnered much attention in recent decades as novel
alternative energy technology for the development of polymer semiconductors and organic
electronic devices given their unique advantages of lightweight, flexibility ease of processing from
solution, and cost-effectiveness. Among PSCs, all-polymer solar cells (all-PSCs) where the active
layers are comprised of a p-type donor copolymer and n-type acceptor copolymer have been a
cynosure of increasing scrutiny owing to their advantages over their fullerene counterparts®?-2°
namely thermal and mechanical robustness®?%, chemical and electronic tunability, morphological

2730 and feasible rheological properties®®. Furthermore, in comparison to fullerene

stability in air
acceptor-based and non-fullerene small-molecule acceptor (NFA-SMA) based solar cells, all-
PSCs present some unique morphological, thermal, and stretchable stabilities, making them
serious contenders for flexible and wearable optoelectronic device applications.

Over the last several years, significant strides have been made towards the development of
high-performance all-PSCs through the development of new combinations of donor and acceptor
materials, manipulating molecular design to tune energy levels, morphology, and crystallinity, and
novel device and thin-film optimization pathways.?>-!3* This facilitated significantly heightened

power conversion efficiency (PCE) values and improved device stability to as high as 14% PCE

with up to 80% PCE retention at elevated temperatures.®> Some of the successful n-type polymer



acceptors utilized in high-performance all-PSCs were usually based on naphthalene diimide (NDI)
arylene copolymer acceptors. The most prominent member among this family of acceptor
copolymers included poly{[N, NO-bis (2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-
2,6-diyl]-alt-5,50-(2,20-bithiophene), commercially known as N2200 which exhibited high
electron mobility, wide visible-near infra-red range absorption and good solubility comparable to
those of fullerene-based and non-fullerene small molecule acceptors.’**¢ Indeed, PCEs as high as
11.76% has been reported by pairing N2200 with pyrrolo[3,4-f]benzotriazole-5,7-dione (TzBI)-
based polymer donor.>* However, N2200 exhibited some significant drawbacks such as low
absorption coefficient and strong crystallization tendency that makes regulation of OPV
morphology quite difficult. 3!

Our group has demonstrated the efficacy of various all-PSC systems with PCEs as high as

9-10% using NDI-biselenophene (PNDIBS) based copolymer acceptor?’-*

and random copolymer
variants of the same (BSSx) ?° with the commercially available PBDB-T. The acceptor PNDIBS
displayed high field-effect mobility (0.07 cm?/Vs), stronger absorption coefficient (c.a. 1.1 x 10°
cm!) and greater face-on tendency compared to N2200, as evidenced by GIWAXS3%3%, As the
number of studies on this family of polymers is still growing, it is of interest to further expand on
the scope of PNDIBS acceptor beyond that of PBDB-T donor. It is possible to further enhance the
PCE through the exploration of rational molecular design strategies to construct novel p-type donor
copolymers that are compatible with typical n-type acceptors. As PNDIBS has dual peaks with a
n-1 transition peak between 300-450 nm and an intramolecular charge transfer peak between 700-
850 nm, it is highly desirable to develop medium band gap donor polymers that have

complementary absorption with high and balanced hole/electron mobilities to maximize

photovoltaic performance.



Furthermore, an equally important consideration lies in the ability of the donor and
acceptor polymers to form a phase separated and interpenetrating donor-acceptor network to
construct pathways that facilitate effective exciton dissociation and reduction of recombination.
This is another aspect of designing state-of-the-art all-PSCs, where solution processing, choice of
solvents, incorporation of suitable additives and selection of pre-treatment pathways become
important considerations to regulate and tune the film morphology to maximize charge collection.
Enabling differential aggregation rates of either component in the polymeric blend by mixed
solvent processing or using volatile additives may have some dramatic effects on film morphology.
Such techniques allow a greater degree of control over the morphology and crystallization kinetics
of the bulk phases to achieve optimal pathways. Thus, molecular design in accompaniment with
device engineering and active-layer processing is key to elevating photovoltaic performance in all-
PSCs.

1.4. Research objectives:

Chapter 2 deals with the optimization of device processing, performance studies, and
morphology of all-polymer solar cells based on Polynapthalene diimide-biselenophene (PNDIBS)
acceptor. The specific scope of this work includes investigating the impact of selenophene-
containing donor polymers on the performance of all-polymer solar cells Based on
naphthalene diimide-biselenophene copolymer acceptor.

Two p-type polymer donors based on PBDB-T were modified through selenophene
substitution on the conjugated side chain (PBDB-S) and the backbone or spacers (PBDBS-T) of

the BDT building block respectively.



This study discusses the systematic device optimization and processing, photovoltaic
properties, and charge photophysics of all-PSCs with PBDB-T, PBDB-S, and PBDBS-T
copolymer donors paired with PNDIBS acceptor copolymer. Additionally, aspects of surface
morphologies such as surface roughness, crystallite ordering, and domain sizes have also been
characterized to reveal insights on the nature of interactions between different donors and PNDIBS
acceptor. The results reveal the subtle differences in film ordering and aggregation kinetics
originating from selenophene inclusion at different sites of the BDT building block, as evidenced
by the differences in pre-treatment for the representative all-PSCs (thermal annealing for PBDB-
S and film aging for PBDBS-T). Furthermore, as elucidated by the SCLC results and XRD data,
the enhancement in bulk crystallinity of PBDBS-T:PNDIBS systems has in resulted in to
significant improvements in PCE. The balanced charge transport, superior photophysics and
morphology have enabled inverted all-PSCs with a PCE of 9.14%, which is a 13% increase over

its unsubstituted counterpart.



Chapter 2. Impact of selenophene containing wide bandgap donor copolymer on the

performance, photophysics and morphology of All-Polymer Solar Cells.

2.1. Introduction.

All-Polymer Solar Cells (All-PSCs), where the active layer consists of a binary blend of a
p-type conjugated donor polymer and n-type conjugated acceptor polymer, have attracted a great
deal of attention recently as a technologically viable alternative to fullerene-based/small-molecule
non-fullerene acceptor (SM-NFA) based organic solar cells.??-2>4 This is ascribed to their superior

thermal and mechanical robustness,>3”

enhanced light-harvesting and absorption, feasible
rheological properties?®?” and versatility with respect to tuning of the molecular, electronic and
morphological properties.?’* Although major strides towards the development of high
performance All-Polymer Solar Cells have been made recently leading to PCEs of 10-14%,%-31-

3641 their performance still lags behind those of NFA-SMA devices quite significantly.

Nevertheless, they remain great prospects for large-scale optimization and manufacture.>2°

Some of the key bottleneck parameters limiting All-PSC performance include the

photocurrent and fill factor (FF),232442

while significant ground has been made towards addressing
their optical band-gap (£3°"") energy loss (Eloss = £ — eVc), resulting in improved open-circuit
voltages (Voc).2%3%3738 A major challenge involves the simultaneous of increase the short-circuit
current (Js) and fill factor (FF), both of which are critically dependent on the blend

morphology.!®17434 Indeed, the photocurrents generated remain relatively low even among some

of the best all-PSCs reported to date.?!33:4



In the past, our group had reported and synthesised an NDI-arylene acceptor copolymer,
poly-naphtalenediimide biselenophene, PNDIBS, which is the selenophene analogue of the
commercial P(NDI-20D-T2). PNDIBS was found to possess a narrow bandgap of 1.40 eV, more
intense absorption coefficient (o) of c.a. 1 x 10° cm™! and a red-shifted ICT band in comparison to
P(NDI-20D-T2) with a high n-channel field effect mobility of 0.07 mA/cm?s. Consequently, a
maximum PCE up to 9.4% was obtained when paired with a suitable wide-bandgap donor polymer,
PBDB-T with complementary absorption.>’ Specifically, as highlighted by the results in the
subsequent section, optimized all-polymer solar cells based on the reference PBDB-T:PNDIBS
blend yielded a fairly high PCEayerage of 8.08%, when synthesised and fabricated under slightly
different conditions, in accord with another study performed by our group.’® However, the
optimized devices showed modest values for short-circuit current density (Jsc) and fill factor (FF).

It is possible to facilitate an improvement in performance by employing a similar suitable
wide-bandgap donor copolymer with a rational molecular design approach. Thus, to facilitate ease
of comparison and understanding of the evolution of the photovoltaic and morphological
properties, this work has a focus on a family of polymers with minimal structural and molecular
difference in comparison to the PBDB-T donor copolymer. PBDB-T is a D-A copolymer
composed of benzo[1,2-b:4,5-b"]dithiophene (BDT) donor block flanked by a pair of thiophene
units on the conjugated side chain and a benzo[1,2-c:4,5-¢']dithiophene-4,8-dione (BDD) acceptor
block, connected by two thiophenes m-spacers. As the BDT building block has led to the
development of several high performing fullerene solar cells, BDT based donors have also been
used extensively to construct state-of-the-art all-PSCs.*~*® The main reasons attributed to the

success of the BDT skeleton in achieving high-performing wide-bandgap donors in OPVs devices
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lie in their moderate crystallinity, good planarity, strong n-r stacking, charge transport and good
thermodynamic compatibility with NDI based acceptors. 1647

A promising strategy to improve the Jsc and FF of All-PSCs involves the incorporation of
selenophene in place of thiophene into the molecular structure of the donor polymer.3%-3*
Selenophene substitution has been used enhance the photovoltaic properties, particularly with SM-
NFA 5538 and has been proven to be a powerful molecular design strategy. Recent studies have
revealed the red-shifted absorption band and low bandgap of conjugated polymers substituted with
selenophene in place of thiophene owing to its enhanced ground state quinoid resonance
characteristics. Thus, the resulting polymeric chains exhibit longer conjugation and planarity. As
a result of these effects, conjugated donor polymers exhibit well-ordered aggregation and
improved charge transport properties that elicit a superior Ji.>!*® Furthermore, Se substitution
results in enhanced crystallinity of the blend components and formation of a favorable phase
separated blend morphology through Se-Se intermolecular interactions with high domain purity.*°
The stronger heteroaromatic interactions of atomic selenium also translate to improved charge
transport and interchain interactions. Thus, utilizing the strong aggregating property and inherent
crystallinity conferred by selenophenes in conjunction with an amorphous electron donating core
such as benzodithiophene (BDT) can lead to the synthesis of high mobility donor materials with
strong absorption.?*>334

Thus, selenophene has been used as an effective building in the molecular design of several
high performance donors that have achieved stellar PCEs in both fullerene-based and non-fullerene
based PSCs. For instance, Li et al. have reported the effects of a selenophene-containing donor

copolymer, PBPD-Se with a selenophene m-spacer as compared to its thiophene analogue on the

PCE of fullerene-based PSCs. PBPD-Se was found to exhibit a narrower bandgap of 1.77 eV and
11



enhanced hole mobility (1.12 x 1073 em?/(V s)) over its thiophene counterpart, PBPD-Th, leading
to an improved Ji from 12.4 mA/cm? to 14.9 mA/cm?, FF from 0.71 to 0.73 and thus a better PCE
of 9.8% over 8.4%.>* Also, Peng et al. modified the known J51 donor copolymer (PBDT-FTAZ)
by incorporating alkylselenyl conjugated side-chains onto the BDT building block to obtain
PBDT-Se-TAZ and PBDTS-Se-TAZ and reported non-fullerene PSCs based on ITIC-Th with high
Jses of 18.63 and 19.51 and FFs of 0.67 and 0.75.%! While significant research has been carried out
on selenophene-containing donors in both fullerene and non-fullerene based PSCs enabling PCEs
as high as 12%,°%-°15861 such molecular design strategies have yet to be explored in all-polymer
solar cells. Surprisingly, there are limited investigations on their effects on the photovoltaic
performance and morphology in conjunction with the widely used naphthalenediimide (NDI)
copolymer acceptors notwithstanding the thermodynamically favoured interaction and suppressed

largescale phase-segregation between BDT and NDI based polymers. 62

Herein, two novel wide bandgap p-type donor copolymers, PBDB-S and PBDBS-T, were
synthesized based on PBDB-T with selenophene on the conjugated side chain and m-spacer,
respectively with PNDIBS acceptor for efficient all-polymer solar cells. PBDB-S exhibited
identical absorption spectrum to PBDB-T between 300-650 nm, while PBDBS-T displayed a 40
nm red-shift and a narrower bandgap of 1.70 eV. Both donor polymers were found to have
significantly improved hole mobility (1.21 x 103 cm?/Vs for PBDB-S and 9.81 x 10 cm?/Vs for
PBDBS-T) compared to PBDB-T. This resulted in significant enhanced PCE of 8.38% and 9.14%
for inverted solar cells of PBDB-S:PNDIBS and PBDBS-T:PNDIBS respectively, compared to
8.08% of PBDB-T:PNDIBS with Ji. values of 17.51 mA/cm? and 18.38 mA/cm?. Encouragingly,

it was also found employing a conventional device architecture with PEN-Br as electron transport
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layer (ETL) led to further improvements in PCE of respective devices to 9.47% for PBDBS-
T:PNDIBS through the improvement the fill factors (FF) from 0.61 for PBDB-T:PNDIBS to 0.63
for PBDBS-T:PNDIBS. The deviations in photovoltaic properties may be attributed subtle
differences in blend crystallization kinetics, photophysics and charge transport, reiterating the
importance of synergistic focus on molecular design and device active-layer processing to control

device morphology.
2.2. Experimental Section.

Synthesis. The donor copolymer PBDB-T (M, = 57kDa, PDI = 1.90) was purchased from Brilliant
Matters Organic Electronics (Quebec, Canada) and used as received, while PNDIBS acceptor
copolymer was synthesised previously synthesised in our lab.®® The detailed schematic pathways
used to prepare the copolymer donors PBDB-S and PBDBS-T are represented by Scheme 1 in the

Supplementary Material based on procedures suggested in other reports.346463

Cyclic Voltammetry. Cyclic voltammetry (CV) experiments were done on an EG&G Princeton
Applied Research potentiostat/galvanostat (model 273A). A three-electrode cell was used, using
platinum wire electrodes as both counter and working electrodes. Ag/Ag" (Agin 0.01 M AgNO3
solution) was used as a reference electrode. The films of the polymer were coated onto the Pt wires
by dipping the wires into polymer solutions of the polymers (PBDB-T, PBDB-S, PBDBS-T and
PNDIBS) and drying the coated films at 25 °C. All the CV measurements were carried out in 0.1
M tetrabutylammonium hexafluorophosphate (BusNPFg) electrolyte solution in acetonitrile at a
scan rate of 50 mV/s. The reduction and oxidation potentials were referenced to the Fc/Fc* couple
by using ferrocene as an internal standard. The LUMO and HOMO energy levels were estimated

using a ferrocene value of —4.8 eV with respect to the vacuum level.
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Figure 3. (a) Molecular structures of donor polymers PBDB-T, PBDB-S and PBDBS-T and

acceptor polymer PNDIBS. (b) Thin-film UV-Vis absorption spectra of donor and acceptor
polymers. (¢) HOMO/LUMO energy level diagrams of the donors and acceptor copolymers.
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Fabrication and Characterization of All-PSCs. All-Polymer Solar Cell devices were fabricated
with both inverted and conventional architectures of 1TO/ZnO/PEI/Blend/MoO3 (0.5nm)/Ag
(100nm) and ITO/PEDOT:PSS/Blend/PFN-Br (5nm)/Al (100nm) respectively. ITO-coated
substrates (15 /square, Shanghai B. Tree Tech, Shanghai, China) were subjected to sequential
cleaning in ultrasonicated baths with acetone, deionized water, and isopropyl alcohol for 30 min
each, followed by drying with nitrogen gas and 10 mins of oxygen plasma cleaning. The ZnO
precursor solution prepared as described in a previous report!! was spin-coated onto the ITO
substrate at 5000rpm and annealed at 250 °C to obtain a ZnO thin film of c.a. 30nm. A 0.05% (wt
/wt) solution of Polyethyleneimine (PEI) in 2-methoxyethanol solvent was spin-coated onto the

ZnO layer at 2000rpm and dried at 120 °C for 10 min.

PBDB-T:PNDIBS and PBDB-S:PNDIBS blends (1:0.4 wt/wt) were prepared using
Chlorobenzene (CB) as a solvent. The optimized blends involved incorporation of Diphenyl Ether
(DPE, 0.5% (v/v)) to both blend solutions which were subsequently mixed and stirred overnight
in a glovebox at 80 °C. Similarly, blends of PBDBS-T:PNDIBS (1:0.6 wt/wt) were prepared in
1,2-Dichlorobenzene (o-DCB) with 2% (v/v) 1,2,4-Trichlorobenzene (TCB) as additive. The
aforementioned blends were mixed and stirred at 110 °C in a glovebox overnight. The optimized
blend solutions were spin-coated at 1000 rpm for 50 s, followed by suitable pre-treatment pathway.
MoOs3 (0.5 nm) and Ag (100 nm) were thermally deposited onto the active layer at a pressure of 2
x 107 torr. Conventional Solar Cells were fabricated using PEDOT:PSS (Clevios, VP, Al 4083,
Heraeus, Germany) spin-coated on ITO substrates at 2000 rpm followed by annealing at 150 °C
for 10 mins. The active layers were spin-coated onto the PEDOT:PSS layer as described above,
under identical pre-treatment conditions in an Argon-filled glovebox. Subsequently, PFN-Br

(0.5mg/ml in methanol solvent) was deposited on top of the active layers as an electron transport
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layer to obtain a thin film of c.a. 5 nm. The top electrode, Al (100 nm) was then thermally
evaporated at a pressure of 5 x 1077 torr. All active layers were found to have a thickness of c.a. 95

+ 10 nm.

The photovoltaic cells thus prepared were tested under AM 1.5G solar illumination at 100
mW/cm? in ambient air by using a solar simulator (model 16S, Solar Light Co., Philadelphia, PA)
with a 200 W xenon lamp power supply (model XPS 200, Solar Light Co., Philadelphia, PA)
calibrated by an NREL-certified Si photodiode (model 1787-04, Hamamatsu Photonics K.K.,

Japan) and a HP4155A semiconductor parameter analyzer (Yokogawa Hewlett-Packard, Japan).

After the J-J measurements, the external quantum efficiency (EQE) spectra were
measured by using a solar cell quantum efficiency measurement system (Model QEX10, PV
Measurements, Inc., Boulder, CO) with a 2 mm? (2 mm x 1 mm) size masked incident light source
and a TF Mini Super measurement apparatus for multiple devices in a single substrate. The EQE

system was calibrated with a Si photodiode before measurement.

Fabrication and Characterization of SCLC Devices. Current—voltage (J-V) characteristics of
the space-charge limited current (SCLC) devices were measured by using a HP4155A
semiconductor parameter analyzer (Y okogawa Hewlett-Packard, Tokyo). The carrier mobility was

deduced by fitting the J~V curves to the Mott—Gurney equation,

9 &

J =gtz

where J is the current density, € is the permittivity of free space, ¢ is the relative permittivity, p is

the zero-field mobility, V' is the applied voltage, and L is the thickness of an active layer.
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The SCLC device structures for electron-only and hole-only were ITO/ZnO/PEIl/Blend/
PFN-Br (5 nm)/Al (100 nm) and ITO/PEDOT:PSS/Blend/MoO3 (7.5 nm)/Ag (100 nm),
respectively. Each active layer of both neat and blend films was processed at the optimized All-
PSC device conditions as described above and spin-coated at 1000 rpm for 50 s and followed the
optimal pre-treatment for the respective donor used in blend. All active layers prepared were c.a.

150 + 20 nm thick.

AFM Imaging. Atomic force microscopic (AFM) characterization of the surface morphology was
done on the active layers of the actual polymer solar cells, used in the photovoltaic measurements,
by using a Bruker Dimension scanning probe microscope (SPM) system. The approximate domain
or grain sizes and root-mean-square surface roughness (Ry) were computed using Gwyddion

software.

X-Ray Diffraction. XRD patterns were collected on a Bruker D8 Discover Microfocus
diffractometer with Cu Ka beam (1.54 A) as the X-ray source. Neat films of donor polymer
(PBDB-T, PBDB-S, PBDBS-T) films were prepared by drop-casting of highly concentrated
solutions in Chlorobenzene and 1,2-Dichlorobenzene onto glass substrates to obtain films of
thickness c.a. 330 + 30nm and treated under the optimized conditions as discussed in the
photovoltaic performance section. XRD patterns were recorded using 6/20 scans, the incident
beam passed through 0.3 mm collimator and pinhole, and the incident angle between the beam and
sample was fixed at 1°. The 2D-diffraction images were captured using a PILATLUS3R 100-A
area detector placed at 16 cm from the sample. The 1-D data (26 vs intensity) were processed by
integrating the 2-D images using EVA software. The d-spacing values were found using Bragg’s

Law. The full-width half maxima FWHM data in degrees for the respective neat and blend films
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was generated by obtaining the Gaussian fit of the dioo peak in Originlab software. The mean

crystallite domain sizes (Lc) were calculated using the Scherrer equation denoted as follows:

k*A

L. =
C  BxcosO

, Where k is a shape factor (assumed to be 0.9), 1 the wavelength of Cu Ka beam
(100)

(1.54 A), g the FWHM in radians and 6100) is the peak position in degrees.
2.3. Optical and electronic properties.

The ultra-violet visible (UV-Vis) optical absorption spectra of PBDB-T, PBDB-S,
PBDBS-T and PNDIBS thin films on glass are displayed in Figure 3b. Thin films of PBDB-T and
PBDB-S were cast from Chlorobenzene, while 1,2-Dichlorobenzene was used as a processing
solvent for PBDBS-T polymeric films. The absorption spectrum of PBDB-S film displays
absorption bands in the wavelength range of 300 nm to 700 nm, similar to its thiophene equivalent,
PBDB-T. The two respective polymers PBDB-T and PBDB-S display two characteristic peaks at
566 nm and 625 nm, representing n-* transition and interchain n-rt* transition due to n-m stacking
of the backbones respectively. The absorption onset of PBDB-T was found to be at 688 nm, while
that of PBDB-S was at 697 nm, corresponding to an absorption edge optical band gap (E,°"") of
1.80 eV and 1.78 eV respectively. On the other hand, PBDBS-T donor displayed similar red shifted
absorption peaks at approximately 600 nm and 664 nm in contrast to the aforementioned donors
with a significantly pronounced vibronic absorption.’* The enhanced main peaks of PBDBS-T at
664 nm compared to those of PBDB-T and PBDB-S at 625 nm are also indicative of strong
intermolecular m—m stacking post molecular modification with selenophene as m-spacer.
Consequently, the absorption onset shifted to 729 nm, corresponding to E,°"* value of 1.70 eV.
PNDIBS acceptor also exhibits two peaks with n-n* and ICT peaks at 394nm and 716nm. The

absorption profiles were also found to complement that of the acceptor, PNDIBS, used in this
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study which had E,' of 1.40 eV.’7 All three donors used displayed high film absorption
coefficients (o) with PBDB-T having an o of 1.6 x 105 cm™!, PBDB-S with 1.73 x 10°cm™ and
PBDBS-T with 2 x 10° cm™'. The superior electron donating nature of selenophene compared to
thiophene by virtue of larger and looser outermost electron cloud has led to the enrichment of the
electron density of the BDT backbone, thus leading to superior optical properties of PBDB-S and

PBDBS-T and a narrower bandgap for PBDBS-T.

The energy levels of the donor and acceptor component polymers used were measured
using cyclic voltammetry. The representative redox voltammograms are shown in Figure S1 and
the electronic highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) levels evaluated using the onset of the oxidation and reduction potentials are
illustrated by Figure 3c, Figure S1 and Table S1. The HOMO levels were calculated to be -5.35, -
5.35 and -5.22 eV for PBDB-T, PBDB-S and PBDBS-T respectively, while the LUMO energy
levels were approximately the same across the donor copolymers at -3.50, -3.48 and -3.48 eV
respectively. Selenophene substitution on the conjugated side chain led to little to no change in the
LUMO, while the HOMO has been slightly upshifted by c.a. -0.13 eV in the case of Selenophene
n-spacer, in accord to trends observed previously.®® This is ascribed to the stronger electron-
donating nature of Se. Additionally, the HOMO of all three donor polymers are sufficiently greater
than that of PNDIBS acceptor copolymer, as seen in Figure 3c., suggesting that there is sufficient

driving force for exciton photogeneration and efficient charge separation.
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2.4. Photovoltaic Performance.

o
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Figure 4. Current density (J) - Voltage (V) characteristics under AM 1.5G illumination (a) and
External quantum efficiency (EQE) spectra (b) for optimized blends of PBDB-T:PNDIBS, PBDB-
S:PNDIBS and PBDBS-T:PNDIBS based inverted All-Polymer Solar Cells.

Inverted Solar Cells with the architecture ITO/ZnO/PEI/Blend/MoOs/Ag were fabricated
to evaluate the photovoltaic performance of the binary blends composed of PBDB-T:PNDIBS,
PBDB-S:PNDIBS and PBDBS-T:PNDIBS. The blend active layer’s composition and processing
conditions were systematically optimized by investigating the effect of different donor: acceptor
(D:A) ratio, thermal annealing at different temperatures, controlling solvent evaporation rate
through film aging and incorporation of processing additives on device performance. Details
pertaining to the optimization process are outlined by Tables S2-S6 along with the photovoltaic
parameters including the short-circuit current (Jsc), open circuit voltage (Voc), fill factor (FF) and
power conversion efficiency (PCE %). Representative current density-voltage plots (J-V) are

depicted by Figures S4-S8.

20



Similar to a prior report, PBDB-T:PNDIBS blends were optimized by casting thin films
from Chlorobenzene (CB) at a D:A ratio of 1:0.4 (wt/wt) with 0.5% Diphenyl Ether (DPE) solvent
processing additive followed by thermal annealing at 130 °C for 10 minutes in an Argon filled
glovebox.*®® The optimal processing conditions for PBDB-S:PNDIBS blends include a D:A ratio
of 1:0.4 (wt/wt) with 0.5% DPE in CB, with thermal annealing of the cast thin films at 175 °C.
However, as a result of the poor solubility of PBDBS-T in CB, 1,2-Dichlorobenzene (0o-DCB) was
employed as a solvent for the PBDBS-T:PNDIBS devices. The devices were fabricated using
active layers with a D:A ratio of 1:0.6 wt/wt PBDBS-T:PNDIBS. 0-DCB solutions were spin
coated at 1000 rpm for 50 s followed by drying of the obtained wet films through aging in the
glovebox for 3 hrs. The photovoltaic parameters of the devices thus optimized are summarized as

follows by Table 1 and Figure 4a.

It was found that the parameters vary quite significantly with the pre-processing conditions,
depending on the choice of donors and site of selenophene substitution. Firstly, the systems with
selenophene substituted on their backbones (PBDBS-T:PNDIBS) were optimized at a D:A ratio
of 1:0.6 as opposed to PBDB-T:PNDIBS and PBDB-S:PNDIBS which were optimized at D:A
ratio of 1:0.4. This is consistent with the slightly enhanced absorption coefficient of PBDBS-T in

contrast to the latter donors.

Inverted All-Polymer Solar Cells were fabricated from PBDB-S:PNDIBS blends with a
D:A ratio of 1:0.4 (wt/wt) and displayed starkly divergent photovoltaic properties depending on
the nature of processing; The devices aged in the glovebox were found to have an average PCE of
6.71% with a Jsc of 15.01 mA/cm?, a Voc 0f 0.865 V, and a FF of 0.517 while the thermally annealed

devices displayed a significantly improved PCE of PCE of 7.69% with a Js of 16.77 mA/cm?, a
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Voc 0of 0.845 V, and a FF of 0.549. Processing additives were systematically screened to improve
the nanostructure and modulate the extent of phase separation. It was found that the incorporation
of 0.5% DPE (v/v) to the Chlorobenzene blend led to improved performance of the thermally
annealed devices through significant enhancement of Jsc and FF. V. was unaffected at 0.845 V,
while the Js had improved to 17.51 mA/cm? and the FF increased marginally to 0.563. Thus, the

optimized PBDB-S:PNDIBS devices displayed an average PCE of 8.38%. (Table 1)

The photovoltaic properties of PBDBS-T:PNDIBS devices with a D:A ratio of (1:0.6
wt/wt) in 0-DCB solvent were found to be enhanced compared to those of PBDB-S:PNDIBS
devices. The devices subjected to film aging exhibited an average PCE of 8.44% with a Jsc of 17.62
mA/cm?, a Voo 0f 0.815 V, and a FF of 0.582. The Vo of the aforementioned system was found to
be lower than those exhibited by PBDB-S:PNDIBS devices, as a result of the upshifted HOMO
levels of PBDBS-T. A similar effect caused by the selenophene substitution on the backbone of
the BDT unit of a different polymeric system has been reported previously.®® Surprisingly, the
thermally annealed devices (Optimized at 150 °C) displayed reduced performance compared to
the aged counterpart with a PCE of 7.67% with a Jsc of 17.1 mA/cm?, a Vo of 0.78 V, and a FF of
0.571 in stark contrast to the trend exhibited by PBDB-S:PNDIBS devices. While the average
values of Jsc and FF are comparable to an extent, the Vo was found to have reduced significantly
(c.a. 0.035 V); a trend that has been noted previously in other crystalline polymeric systems that

exhibit strong aggregation properties and aggregation limited morphology.?%¢7-%
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Table 1. Summary of photovoltaic properties of inverted solar cell devices of 1:0.4 wt/wt PBDB-
T:PNDIBS, 1:0.4 wt/wt PBDB-S:PNDIBS and 1:0.6 wt/wt PBDBS-T:PNDIBS subject to different

pre-treatment conditions

Donor Polymer ~Additive used Condition ~ J_ (mA/em’) V..(V) FF  PCE__(%)

PBDB-T Aged 3hrs)  14.32 0.870  0.522 (3‘;
Annealed 7.45

PBDB-T 15.11 0.865 0.581 :
(130 °C) (0.24)
Annealed 8.08

PBDB-T DPE (0.5% 15.76 0.855  0.600 :
( 0) (130 oC) (£0.1)
PBDB-S Aged 3hrs)  15.01 0.865 0.517 (6571;

+0.

Anneal

PBDB-S nnealed 16.77 0.845 0549 109
(175 °C) (£0.19)
PBDB.S  DPE (0.5%)  mealed 17.51 0.845 0563 o393
= (175 °0) ' ' ' (20.23)
PBDBS-T Aged 3hrs)  17.62 0.815 0.582 (iéj)
Annealed 7.67

PBDBS-T 17.10 0.780  0.571 '
(150 °C) (£0.29)
PBDBS-T TCB (2%) Aged (3hrs)  18.38 0.825  0.607 25111

It was also observed that the additives previously investigated for PBDB-S:PNDIBS had a
detrimental effect on the device performance in blends based on PBDBS-T:PNDIBS, as elucidated
by Figure S6 and Table S4. This may be a consequence of poor solubility of PBDBS-T in
conventional solvents such as 2-MeTHF, THF, CB etc. and additives (c.a. <3 mg/ml in CB) due

to the presence of selenophene-spacer in the backbone. Thus, the differential aggregation rates
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required to suppress aggregation and enable optimal domain sizes’® was not achieved due to the
absence of preferential solubility of donor phase, characteristic of other reported donor:acceptor
blends with incorporated processing additive. As a result, 1,2,4-Trichlorobenzene (TCB) was

investigated as an alternative, owing to the high solubility of PBDBS-T in the same.

An average PCE of 9.14% with a Ji of 18.38 mA/cm?, V. of 0.825 V and FF of 0.607 was
obtained by film aging PBDBS-T:PNDIBS devices after incorporating 2% TCB. (Figure S8, Table
S6) The mechanism of enhancement of aged all-PSCs subjected to relatively slower solvent
evaporation rate enabling modulation rate and nanomorphology of the active layer has been

suggested in literature previously.?

PBDB-T:PNDIBS devices were also fabricated to serve as a standard for comparison to
contrast between unsubstituted/thiophene substituted donor and selenophene substituted donors.
PBDB-T:PNDIBS devices were found to be optimized at a D:A ratio of 1:0.4 wt/wt followed by
thermal annealing at 130 °C with 0.5% DPE with a PCE of 8.08%, Js of 15.76 mA/cm?, Vo of
0.845 V and FF of 0.60. The observation that thermal annealing of PBDB-T:PNDIBS devices elicit

better PCE has already been reported and investigated extensively in a prior report.®’

Encouragingly, it was also found that improved PCE values may be obtained using
conventional device architecture with ITO/PEDOT:PSS/Active layer/PFN-Br/Al across all three
blend systems, notably because of fill factor enhancement. (Figure S11, Table S9) This further
boosted the PCEs of the all-PSCs to 8.38%, 8.81% and 9.47% with FF values of 0.614, 0.592 and
0.635 for PBDB-T:PNDIBS, PBDB-S:PNDIBS and PBDBS-T:PNDIBS devices respectively,
while the Jsc values were largely unchanged. This suggests the possibility of interface engineering

of the electron transport layer (ETL) of both conventional and inverted solar cells to achieve
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improved electron collection. As revealed by the SCLC results (Vide infra), the electron mobilities
of the blends lag quite significantly behind the respective hole mobilities. It is possible that by
using superior ETLs with greater conductivity, improved values of FF may be obtained by increase
overall electron mobility, facilitating a balance of charge transport. A similar effect has been
achieved previously through the intercalation of alkali metals (Li) or Al in the defects of zinc oxide
electron transport layer in case inverted fullerene-based solar cells with a different active layer
composition.”'”73 PCEs of 9.47% were obtained for blends composed of PBDBS-T:PNDIBS with
a Jse of 18.26 mA/cm?, Vo of 0.825 V and FF of 0.635. These values are among the higher

efficiencies for all-PSC devices.

2.5. External Quantum Efficiency.

The External Quantum Efficiency (EQE) spectra of optimized inverted solar cell devices
fabricated from PBDB-T:PNDIBS, PBDB-S:PNDIBS and PBDBS-T:PNDIBS are depicted in
Figure 4b. All blends feature a wide absorption window of c.a. 885 nm to 310 nm. As the
photocurrent generated in the 700-885 nm and 300-450 nm bracket is a result of photoinduced
hole transfer to the PNDIBS acceptor polymer, it is clear that the photocurrent harvested in the
450-720 nm region is due to the efficient photoinduced electron transport of the donor polymers.
The EQE spectra displayed by PBDB-T:PNDIBS and PBDB-S:PNDIBS systems are largely
similar, encompassing similar wavelengths with identical line shape. However, it should be noted
that the peak EQE of PBDB-S is significantly enhanced at 74.6% at 550 nm, compared to PBDB-
T devices at 68.8% at 560 nm. This is consistent with the previously discussed increase in Js as
shown in the photovoltaic data (Figure 4a, Table 1) and the spectral overlap between the two

donors as demonstrated by the UV-Vis spectroscopy (Figure 3b). On the other hand, the EQE of
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PBDBS-T based devices shows a prominent decrease in the 420-520 nm region and increased
photon harvesting in the 600-700 nm range as compared to PBDB-T:PNDIBS and PBDB-
S:PNDIBS systems with a maximum quantum efficiency of 75.5% corresponding to 640 nm. The
red-shifted absorption as a result of selenophene substitution on the backbone of PBDBS-T donors
by c.a. 40 nm has resulted in short-circuit currents that exceed those of devices based on PBDB-
T:PNDIBS and PBDB-S:PNDIBS. The EQE spectra originating from the short-wavelength
absorption by PNDIBS is also found to be slightly enhanced in PBDBS-T:PNDIBS devices,
thereby implying that selenophene m-spacers facilitate greater photonic conversion by PNDIBS
acceptor. These inferences are consistent with the normalised UV-Vis absorption spectra of the
blend devices in Figure S3. Js values obtained through the integration of the EQE spectra are

found to collaborate well with J-V data and are within a 5% mismatch.

Several conclusions may be drawn pertaining to the photovoltaic device data and EQE
spectral data presented above that are relevant towards the further development of All-PSCs.
Firstly, selenophene substitution in place of thiophene on the different positions of
benzodithiophene (BDT) building block has been investigated and demonstrated to be a viable
strategy to improve the performance of All-Polymer Solar Cells in conjunction with a high-
mobility selenophene containing acceptor, PNDIBS. Interestingly, alkyl-selenophene side chains
did not facilitate the desired increase in photovoltaic performance as a result of reduced FF.
However, the presented results clearly warrant that the substitution of a selenophene moiety on the
BDT backbone (m-spacer) is beneficial to photovoltaic performance by virtue of red-shifted
absorption of PBDBS-T based All-PSCs and improved Js. It is possible that the larger atomic

radius of selenium causes alkyl-selenophene side chains on BDT donors interfere with
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intermolecular interaction,’*”> while the presence of selenophene as m-spacer enhances planarity

and conjugation length.

Another point of interest arises from the observation that the pathways (e.g. slow solvent
evaporation as opposed to rapid annealing) that lead to optimal performance varied depending on
the location of the moiety; ie. Thermal annealing for PBDB-T:PNDIBS, PBDB-S:PNDIBS and
aging for PBDBS-T:PNDIBS. This is believed to arise from differential effects in crystallinity post
selenophene modification and indicates differences in the film forming and crystallization kinetics
between PBDB-S and PBDBS-T. The metallic nature of selenium leads to noticeably increased
crystallinity when incorporated in the polymeric backbone, which is desirable for charge
transport.’%”7 The increased crystallinity of PBDBS-T is corroborated by the stark difference in
Voc between aged and annealed PBDBS-T:PNDIBS devices, as a result of density of states
broadening caused by thermal-annealing induced disorder and recombination.®” This partially
explains how slow evaporation of 0-DCB led to heightened PCE values. This hypothesis is

corroborated by X-Ray Diffraction results. (Vide infra)

Lastly, as the number of studies of All-Polymer Solar Cells containing selenophene based
donors is limited, there lies a great deal of potential towards improvement of notably the FF, which
lags behind quite significantly behind other state-of-the art All-PSCs.32343567.78 Tt is worth
mentioning that the substitution of selenophene in the BDT backbone lead to a reduction in
solubility with low-boiling solvents, and that limits the extent to which crucial features such as
domain purity may be manipulated using say, cosolvents with low boiling points to form purer and
larger polymer domains.’®*% Some considerations towards the improvement of solubility and FF

can include the rational selection of side-chains and inclusion of random copolymeric units.
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2.6. Exciton Dissociation and Charge Recombination.

The photoinduced charge carrier generation and collection was evaluated in the respective
blends by investigating the photocurrent density Jpn (Jon = JL - Jp) as a function of effective voltage
Vett (Vett = Voi — Va). JL and Jp denote the current densities under illuminated and dark conditions,
while Vi and V, denote the built-in potential where Jpn = 0 and applied voltage, respectively. The
Jpon value was found to saturate at fairly high Vegrvalues (Verr> 2V) for all devices fabricated. Based
on Figure 5., it may be concluded that the effective voltage is large enough to extract almost all

free charges photogenerated to the electrodes at the saturation point. The saturation photocurrent
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Figure 5. Photocurrent density Jyn — effective voltage Verr curves for the optimized PBDB-
T:PNDIBS, PBDB-S:PNDIBS, PBDBS-T:PNDIBS blend devices.

(Jsat) values in this regime were found to be 16.6 mA/cm? for PBDB-T, 18.6 mA/cm? for PBDB-S
and 19.1 mA/cm? for PBDBS-T based systems. Thus, the collection probability values P (E, T)
under short-circuit conditions were evaluated by P (E, T) = Js/ Jsa. P (E, T) was calculated to be
94.5% for PBDB-T:PNDIBS, 94% for PBDB-S:PNDIBS and 95.2% for PBDBS-T:PNDIBS. The

collection probability of PBDB-T:PNDIBS devices was found to be slighter superior to those of
28



PBDB-S:PNDIBS, which is reflected by the reduced FF of PBDB-S devices. Similarly, maximum
photoinduced carrier generation rate Gmax Was estimated using the saturation photocurrent density
by Gmax = Jsa/ gL, where g represents the elementary coulombic charge and L, the thickness of the
fabricated active layers. Gmax values of 1.04 x 10?8, 1.16 x 10?8and 1.19 x 10**m~s! were obtained
for PBDB-T, PBDB-S and PBDBS-T donors, respectively indicative of good exciton dissociation
rates. Based on the charge collection probability and the saturation photocurrent density values
summarized in Table S10, it is clear that PBDBS-T:PNDIBS devices feature more efficient charge
collection processes, light absorption and exciton dissociation. This also corroborates with the

previously discussed photovoltaic properties and account for the superior Jsc and FF values.
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Figure 6. Js. dependence on illumination intensity of incident light (a) and Vo dependence of
illumination intensity of incident light (b) for optimized blend devices of PBDB-T:PNDIBS,
PBDB-S:PNDIBS and PBDBS-T:PNDIBS respectively.
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Short-circuit current as a function of illumination intensity (Jsc vs Pligh) was measured to
gain insight on the charge recombination kinetics of the All-PSCs and the effect of selenophene
substitution. As expected, the Jsc followed the power-law dependence on Piight (Js¢ X Plight”), where
a linear correlation signifies the complete extraction of all charge carriers prior to recombination.
The fitted plots illustrated by Figure 6a. resulted in comparable o values of 0.93 and 0.95 values
for PBDB-T:PNDIBS and PBDB-S:PNDIBS, suggesting the dominance of bimolecular
recombination, partly explaining the relatively low Jsc of PBDB-T:PNDIBS systems and low FF
of PBDB-S:PNDIBS. PBDBS-T: PNDIBS blends displayed suppressed bimolecular

recombination with a of 0.98.

The relationship between Vo and Piign: is represented as Voo « s X In (Piighi). The
proportionality constant and slope s usually varies between 1 and 2, suggesting the presence of
dominant biomolecular recombination (s = 1 kT/q) or trap-assisted recombination (s = 2 kT/q)
respectively. As exemplified by Figure 6b., PBDB-T and PBDB-S based devices have a gentle
slope and are governed by bimolecular recombination (s = 1.18 kT/q and s = 1.21 kT/q
respectively), while PBDBS-T:PNDIBS devices display relatively suppressed bimolecular
recombination (s = 1.31 kT/q). The above results corroborate well with the obtained photovoltaic
data for optimized devices. Indeed, the devices based PBDBS-T displayed a superior FF,
particularly using the conventional solar cell architecture by virtue of their suppressed bimolecular

recombination.

2.7. Charge Transport Properties.

The bulk charge transport properties of the neat donor films and blends with PNDIBS

acceptor under their respective optimized conditions have been characterized by Space-Charge
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Limited Current (SCLC) to further probe the photovoltaic properties and develop insights
pertaining to trends exhibited by Jsc and FF. The zero-effect mobilities were extracted from the
generated J-V curves under dark condition by fitting them to the Mott-Gurney Equation. The
following architectures were used to fabricate single-charge carrier devices:
ITO/PEDOT:PSS/Blend/MoOs (7.5 nm)/Ag (100 nm) for hole-only devices and
ITO/ZnO/PEI/Blend/PFN-Br (5 nm)/Al (100nm) for electron-only devices. The J-V plots and their
curve-fitted lines for neat donor films and blend films are shown in Figures S12 and S13 and the

charge carrier mobilities have been compiled in Table 2.

The neat films of unsubstituted donor PBDB-T show a hole mobility (us) of 4.05 x 10
cm?/Vs, which is in agreement with values reported in literature. However, both selenophene
substituted donors PBDB-S and PBDBS-T revealed substantially higher un values of 1.21 x 1073
cm?/Vs and 9.81 x 10 cm?/Vs respectively. The charge mobility enhancement upon selenophene
substitution as a result of greater polarizability of Se compared to S, favourable interchain Se-Se
interactions, improved crystallinity and greater face-on tendency has already been reported
previously. The three-fold increase in magnitude of pun reveals the positive effect of selenophene
substitution on field-effect mobilities and speaks well of the potential of the synthesized donors in

Polymer Solar Cells when paired with high mobility acceptors.
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Table 2. SCLC mobilities of neat films of PBDB-T, PBDB-S and PBDBS-T and blend films of
PBDB-T:PNDIBS, PBDB-S:PNDIBS and PBDBS-T:PNDIBS. All devices were fabricated under

the optimal processing conditions.

Film composition W (cm?/Vs) Le (cm?/Vs) U/ Me
PBDB-T (Neat) 4.05 x 10 ; -
PBDB-T:PNDIBS 3.84 x 10* 1.04 x 10# 3.7
PBDB-S (Neat) 121 x 10°% - ;
PBDB-S:PNDIBS 1.14 x 1073 3.34 x 10* 34
PBDBS-T (Neat) 9.81 x 10 ; ;
PBDBS-T:PNDIBS 8.789x 10 5.13 x 10# 1.7

With respect to the blend devices, the bulk hole mobilities were found to be quite similar
to those of the neat donor films at 3.84 x 10*cm?/Vs for PBDB-T:PNDIBS, 1.14 x 10 cm?/Vs
for PBDB-S:PNDIBS and 8.78 x 10* cm?/Vs for PBDBS-T:PNDIBS. However, differing values
of electron mobility u. were observed between the blends. In contrast to the u. of 1.04 x 10*
cm?/Vs seen in PBDB-T:PNDIBS blends, a threefold increase to 3.34 x 10* ¢m?/Vs in PBDB-
S:PNDIBS and an enhancement of approximately 5 times at 5.13 x 10* ¢m?/Vs in PBDBS-
T:PNDIBS were observed, accounting for the improved photovoltaic performances. It is worth
noting that while the improved hole mobilities in PBDB-S:PNDIBS active layers warrant the
increase in Js, the charge transport remains quite unbalanced at a un / ue of 3.413, which is
comparable to PBDB-T:PNDIBS at 3.692. It is known that unbalanced un / u. results in charge

recombination in all-PSCs and may lead to deterioration of fill factors. Therefore, it is possible
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that the relatively lower fill factors exhibited by PBDB-S devices are owing to sub-optimal

morphology in blend.

PBDBS-T:PNDIBS based devices feature relatively more balanced charge transport
properties at un / ue of 1.713. Thus, the synergistic effect of increased hole mobility and red-shifted
absorption of PBDBS-T as elucidated by EQE and UV-Vis results and relatively balanced charge
transport with PNDIBS acceptor have resulted in enhanced Jsc and FF. The greater values of ue

also suggests a more optimal morphology for PBDBS-T:PNDIBS blends.

2.8. Atomic Force Microscopy.

Atomic force microscopy imaging (AFM) was used to characterize PBDB-T:PNDIBS,
PBDB-S:PNDIBS and PBDBS-T:PNDIBS blend films to generate insights on surface
morphology. While all three blend devices displayed distinct needle-like features, clear differences
were observed in terms of domain sizes and roughness. The optimized devices of PBDBS-
:PNDIBS possessed a relatively rougher surface with greater root-mean-square roughness (Rq)
values (Rq=1.673 £ 0.196 nm) in comparison to that of PBDB-T:PNDIBS (Rq=1.56 + 0.279 nm)
and PBDB-S:PNDIBS (Rq = 1.23 + 0.288 nm) with a more suitable fiber structure and more
obvious extent of phase separation with larger domains in the range of 20-30 nm, as seen in Figures
7a, 7b and 7c. The smoother surface of PBDB-S:PNDIBS indicates the possibility of molecular
intermixing between donor and acceptor polymeric phases, and a lower degree of phase separation
for PBDB-S:PNDIBS compared to their pure thiophene equivalents. Furthermore, PBDB-
S:PNDIBS blends exhibit marginally smaller grains than the other two blends, that display
comparable domain sizes in the range of 20-30 nm with a lesser extent of phase separation

compared to the former devices. In contrast, PBDBS-T:PNDIBS blends display a more suitable
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fiber structure with increase roughness and more obvious phase separation, which serves to reduce

bimolecular recombination losses.
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Figure 7. Atomic force microscopy (AFM) height (a, b, c¢) and phase (d, e, f) images (2 pym x 2
um) of all-PSC blend devices based on PBDB-T:PNDIBS, PBDB-S:PNDIBS and PBDBS-
T:PNDIBS processed under the optimized conditions with lateral scale bars of 500 nm

2.9. X-Ray Diffraction.

An understanding of intermolecular ordering and crystallinity is essential for the design of
high-performance all-PSCs. Thus, X-ray Diffraction was performed on thin films of both the neat
p-type polymers and polymers blended with PNDIBS acceptor to verify the presence of any
differences in crystallinity and to obtain a ballpark of the crystallite sizes. All three donor polymers
and blend films displayed a prominent lamellar (100) peak between 2-7° and a (010) n-xt stacking
peak between 20-30°. The (100) peaks of PBDB-T, PBDB-S and PBDBS-T lie at a 20 value of

4.44, 4.4 and 4.36 respectively, corresponding to a lamellar-stacking distance of 19.85, 20.03 and
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20.21A. Mean crystallite domain sizes (Lc) of 5.48nm, 4.38nm and 6.52nm were observed for the
neat films of PBDB-T, PBDB-S and PBDBS-T respectively (Figure S14 and Table S11),
indicating the subtle changes in crystallinity. Incorporation of Se on the side-chain has resulted in
a decrease in crystallite size compared to PBDB-T as in the case of PBDB-S, whereas PBDBS-T
displays greater crystallinity and longer coherence lengths, as elucidated by the heightened di0o
values. Whereas, the values of doio of the three donor polymers were found to be almost identical,

revealing that selenophene substitution has a weak effect of the n-r stacking lengths.

Likewise, L. values of 6.82nm, 5.87nm and 7.86nm were obtained for blend systems of
PBDB-T:PNDIBS, PBDB-S:PNDIBS and PBDBS-T:PNDIBS respectively. (Figure S15 and
Table S11) It is worth noting that the mean crystallite sizes of the blends are significantly reduced
compared to the L. values of neat PNDIBS acceptor, at c.a. 12.4nm.3” PBDB-S:PNDIBS blends
displayed lower values for lamellar packing (21.42A), suggesting that the conjugated selenophene
side-chain may be restraining the intermolecular crystallization in the bulk. PBDBS-T:PNDIBS
blend films are shown to possess longer coherence lengths (21.63A) and larger crystallite sizes,

which are beneficial for the improvement of Jsc and FF.

The AFM and XRD data in tandem suggest that there is a suppression in phase separation
induced by the presence of selenophene in the conjugated side chain position of the BDT block,
leading to the formation of smaller and amorphous domains. As a result, there is significant
intermixing between the phases. While intermixing of donor and acceptor domains is certainly
beneficial due to increased D/A interfacial area to facilitate lower rates of monomolecular
recombination, they are detrimental to charge transport and often promote bimolecular

recombination and lower exciton dissociation rates, as observed in Figure 5 and Figure 6a. In
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contrast, PBDBS-T:PNDIBS blends feature optimal phase separation, with moderate size and
crystalline domains, that facilitate suppressed bimolecular recombination and balanced charge
transport as evidenced by the SCLC results.’® Thus, these results highlight that the bulk
crystallinity of the donor polymer when paired with an acceptor polymer is a critical factor in
regulating the photovoltaic efficiency and endows blend compatibility, and that it is a factor to be

taken into account during rational molecular design to construct state-of-the-art PSCs.
2.10. Conclusions.

Two new conjugated donor copolymers, PBDB-S and PBDBS-T, were designed and
synthesised based on PBDB-T by inserting selenophene moieties on the conjugated side chain of
BDT building block and n-spacer of PBDB-T D-A copolymer respectively. The two polymers
were found to have wide bandgaps of 1.78 eV and 1.70 eV with PBDBS-T having a narrower
bandgap than the reference PBDB-T (1.80 eV). The SCLC results reveal that both polymers had
significantly enhanced hole mobilities compared to PBDB-T. All-PSCs fabricated based on
PBDBS-T:PNDIBS demonstrated a superior PCE of 9.14% with a high J of 18.38mA/cm? among
the three donors compared, as it fully benefited from red-shifted absorption, higher absorption
coefficient, longer lamellar stacking, bulk crystallinity and suitable phase-separated morphology.
These results indicate that the insertion of a selenophene m-spacer to a D-A polymeric backbone
has a strong effect of the photovoltaic properties and photophysics of all-polymer solar cells to

further guide molecular design.
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Chapter 3. Conclusions and Outlook.

3.1. Conclusions.

While the challenges to advancement and ultimately industrialisation and manufacture of
organic photovoltaics are manifold, this work presents a study with a clear focus on the active

layer processing, photophysics and morphology of all-polymer solar cells.

The impact of selenophene substitution on p-type donor copolymers and their effects on
all-PSCs has been investigated. Two new donors bearing selenophene on the conjugated side chain
(PBDB-S) and on the D-A backbone (PBDBS-T) were synthesised. Consequently, the systematic
optimization of inverted solar cells of PBDB-T, PBDB-S and PBDBS-T donor copolymers with
PNDIBS acceptor has been carried out. The three donors presented in this study all display
complementary absorption with the narrow bandgap PNDIBS. Active layer processing revealed
that inverted solar cells with a PCE of 9.14% with a Js. of 18.38mA/cm?, Vo of 0.825V and FF of
0.607 could be realized through the film aging of PBDS-T:PNDIBS. In contrast, PBDB-S:PNDIBS
displayed only a slight improvement in PCE over PBDB-T:PNDIBS with PCE of 8.38% as
opposed to 8.08% respectively. Aside from the significant enhancement in zero-field mobility
exhibited by both PBDB-S and PBDBS-T, multiple deviations in terms of recombination
dynamics, exciton harvesting and morphology were observed. It is clear that the usage of
selenophene on the conjugated side-chain has led to the formation of small and intermixed domains
with little phase separation, while selenophene as a m-spacer has enabled the construction of
crystalline and phase separated donor-acceptor pathways which allowed efficient exciton

dissociation, balanced charge transport and suppressed bimolecular recombination.
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As the application of the presented strategy is rather limited in the field of all-polymer solar
cells, this work has helped advance the field of OPVs and revealed some important design
considerations to be taken into account to synthesise state-of-the-art polymers. This work also
shows the importance of device engineering and molecular design occurring concurrently to make
a technological advancement. Through further investigation to advance the scope and overcome

the limitations of the field, it is possible to usher the next generation of organic electronic devices.

3.2. Outlook.

Through recent efforts of several groups and researchers, all-PSCs have made steady
progress in many aspects. As such, a focus towards driving this technology towards
commercialisation is paramount. However, the task to increase the PCE of all-PSCs to 15%, which
is often the metric used to gauge the marketability of OPVs, remains quite daunting. As
demonstrated in the presented findings, PCEs up to 9.47% were obtained using high mobility
donor and acceptor polymers with strong absorption coefficients concurrently. Thus, systems
based on napthalenediimide biselenophene (PNDIBS) shows great promise in the all-PSC arena.

However, there remain several problems to be addressed.

For instance, while it is true that PBDBS-T:PNDIBS based blends were found to have the
greatest compatibility among the cases presented, it is worth noting that by narrowing the bandgap
of donor polymer as a means to improve photocurrent, there is a compromise in the
photoharvesting capability of the devices in the visible region. Also, the fill factors, which are
critically dependent on morphology, are still relatively low. This photovoltaic parameter in
particular is the most difficult to govern and least understood. Thus, the true potential of the said

all-PSCs is not realized. It is possible to investigate alternate strategies such as the usage of ternary-
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blend polymer solar cells to compensate for the lowered photoharvesting in the visible region by
using polymers or small molecules with a strong absorbance in the blue region. However, such a
strategy involves considerable complications, as it is difficult to determine the nature of
interactions occurring in a bulk-heterojunction upon the introduction of a third phase ab initio.
Alternatively, there have been recent studies reporting new families of p-type polymers based off
napthodothiophene (NDT) as an alternative to benzodithiophene (BDT) with extended conjugation

length and planarity with improved absorption in the 300-600 nm region.

Another major bottleneck to the industrialization of all-PSCs would be the reliance on
halogenated solvents such as chloroform (CF), chlorobenzene (CB) and 1,2-dichlorobenzene (o-
DCB). These can prove to be extremely hazardous. Although extremely challenging, realizing
high-efficiency all-PSCs using environmental friendly or “green” solvents would have profound
impacts on the field. Furthermore, improving solubility in solvents such as 2-methyl
tetrahydrofuran (2-Me THF), tetrahydrofuran (THF) and toluene would also be desirable as it
opens new prospects for greater control and tunability of morphology. It is possible to improve
domain purity and control ordering of domains by using ideal solvents. Thus, rational selection of
side-chains for polymers is also crucial. Some studies have already highlighted the potential of
such a line research by fabricating all-PSCs that delivered among the highest PCEs (>10%) using
sophisticated side-chain engineering in combination with active-layer processing with different

solvents.

Lastly, scale-up of such systems could be another hurdle towards large-scale manufacture;
as bench-top techniques such as spin-coating for interlayer and active layer deposition have the

luxury of a smaller scale of operation, often times they result in film morphologies with remarkable
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consistency free of defects. However, it is impractical to apply such a technique for substrates
encompassing a larger area, as it may lead to morphological defects and inconsistencies in
thickness. Furthermore, other variables such as thermal spalling, mechanical shear and stress and
oxidation of organic layers come to the fore for larger flexible electronic devices. Therefore,
further developments in alternate coating technologies such as roll-to-roll processing or blade

coating would be beneficial to champion organic solar cells as a viable source of alternate energy.
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Figure S1. Cyclic voltammograms of PBDB-T (a, b), PBDB-S (c, d) and PBDBS-T (e, f) in 0.1

M BuNPFs solution in acetonitrile at a scan rate of 50 mV/s.



Table S3. Summary of onset potentials of PBDB-T, PBDB-S and PBDBS-T donor copolymer

thin-films respectively.

Donor copolymer: Re(.luction onset Oxi.dation onset
potential (Ered-onset) (V) potential (Eox-onset) (V)
PBDB-T 0.65 -1.20
PBDB-S 0.65 -1.18
PBDBS-T 0.52 118
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Figure S2. UV-Vis absorption spectra of dilute solutions (<10 M) of PBDB-T, PBDB-S and
PBDBS-T donor copolymers. PBDB-T and PBDB-S were dissolved in chlorobenzene solvent,
while PBDBS-T in 1,2-dichlorobenzene.
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Figure S3. UV-Vis absorption spectra of thin-films of PBDB-T:PNDIBS (1:0.4 wt/wt), PBDB-
S:PNDIBS (1:0.4 wt/wt) and PBDBS-T:PNDIBS (1:0.6 wt/wt) blends. PBDB-T:PNDIBS and
PBDB-S:PNDIBS were dissolved in chlorobenzene solvent, while PBDBS-T:PNDIBS in 1,2-

dichlorobenzene.
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Table S4. Effect of blend composition on the performance of PBDBS-T:PNDIBS AlI-PSCs.

Devices subjected to thermal annealing at 130 °C.

D:A ratio (wt/wt) J. (mA/cmz) V.,.V) FF PCEave (%)
1:0.4 12.859 0.79 0.547 5.494
e (0.25) (0.01) (£0.018) (0.133)
1:0.6 13.847 0.8 0.540 5.981
o (£1.066) (0.01) (+0.042) (+0.481)
1:0.8 10.1665 0.79 0.596 4.784
o (£0.641) (+0) (+0.025) (+0.389)
1:1 7.099 0.79 0.596 3.302
) (*1.121) (0.01) (0.011) (0.457)

The average PCE values were generated using 4 separate devices. Active layers with thicknesses of c.a. 55 nm were obtained.
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Figure S4. Current density (J) - Voltage (V) characteristics of PBDBS-T:PNDIBS for different

blend compositions (wt/wt). All devices subjected to thermal annealing at 130 °C
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Table S5. Effect of different annealing temperatures on the performance of PBDBS-T:PNDIBS
(1:0.6 wt/wt) All-PSCs.

Annealing temperature ~ J__ (mA/cm’) Vie(V) FF PCEay. (%)
110 °C 14.297 0.795 0.552 6.234
(£0.867) (0.005) (0.011) (0.199)
130 °C 15.134 0.785 0.546 6.531
(£1.266) (0.01) (£0.037) (£0.484)
150 °C 16.373 0.78 0.538 7.226
(+1.542) (0) (£0.016) (£0.511)
175 °C 13.414 0.78 0.509 5.396
(0.676) (0.005) (0.046) (0.346)

The average PCE values were generated using 4 separate devices. Active layers with thicknesses of c.a. 75 nm were obtained.

0
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Figure S5. Current density (J) - Voltage (V) characteristics of PBDBS-T:PNDIBS (1:0.6 wt/wt)

at different annealing temperatures.
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Table S6. Exploring different processing additive and their impact on the performance of PBDBS-
T:PNDIBS (1:0.6 wt/wt) devices annealed at 150 °C.

Additive used: 2
(0.5% v/v) J_.(mA/cm") V,.V) FF PCE (%)
No additive 17.1 0.785 0.571 7.67
(£0.42) (£0.005) (£0.011) (£0.29)
DPE 12.51 0.76 0.508 4.83
(20.18) (0.01) (=0) (0.1)
DIO 13.98 0.77 0.50 5.375
(£0.3) (0) (£0.016) (£0.48)
ODT 14.42 0.755 0.47 5.11
(£0.76) (£0.005) (£0.04) (£0.346)
CN 16.37 0.78 0.524 6.946
(£0.25) (0.005) (0.005) (0.01)
1.2.4-TCB 16.513 0.8 0.582 7.688
(£0.18) (0.01) (0) (0.1)

The average PCE values were generated using 4 separate devices. Active layers with thicknesses of c.a. 100 nm were obtained.

] —a— 0.5% DPE ]
[ 0.5% DIO !
i = 0.5% ODT ]
SE ——0.5% CN ]

=t 0.5% 1,2,4-TCB
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Figure S6. Current density (J) - Voltage (V) characteristics of PBDBS-T:PNDIBS (1:0.6 wt/wt)

devices with different processing additives (0.5% v/v) annealed at 150 °C.
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Table S7. Effect of variation of 1,2,4-Trichlorobenzene concentration on the performance of

PBDBS-T:PNDIBS (1:0.6 wt/wt) devices annealed at 150 °C.

Additive conc:

. J_(mA/cm’) vV,.(V) FF PCE (%)
(1)
Blank 17.1 0.785 0.571 7.67
(20.42) (20.005) (0.011) (20.29)
0.5% 16.513 0.8 0.582 7.688
=70 (+0.18) (*0.01) (*0) (*0.1)
1% 17.136 0.805 0.565 7.789
0 (20.3) (=0) (0.016) (20.48)
20, 17.354 0.8 0.602 8.24
0 (20.76) (20.005) (20.04) (0.346)
30, 17.666 0.79 0.568 7.771
0 (£0.25) (20.005) (20.005) (20.01)
49 17.52 0.775 0.51 6.919
0 (£0.25) (20.005) (20.005) (20.01)

The average PCE values were generated using 4 separate devices. Active layers with thicknesses of c.a. 100 nm were obtained.
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Figure S7. Current density (J) - Voltage (V) characteristics of PBDBS-T:PNDIBS (1:0.6 wt/wt)

devices at different additive (1,2,4-Trichlorobenzene) concentrations annealed at 150 °C.
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Table S8. Effect of different pre-treatment pathways on the photovoltaic performance of PBDBS-
T:PNDIBS (1:0.6 wt/wt)

Pre-treatment: J, (mA/cm’) V.. V) FF PCE.ve (%)
Annealod 17.1 0785  0.571 7.67
(+0.42) (+0.005) (+0.011) (+0.29)
Annealed 2% TCB 17.354 08  0.602 8.24
(+0.76) (+0.005) (+0.04) (+0.346)
Aged (3hrs) 17.62 0815  0.582 8.44
(+0.66) (+0.005) (+0.01) (+0.30)
Aged (3hrs) + 2% TCB 18.38 0.825  0.607 9.15
(+1.066) (+0.01) (+0.021) (+0.184)

The average PCE values were generated using 8 separate devices. Active layers with thicknesses of c.a. 100nm were obtained.

0
Annealed
=== Annealed + 2% TCB
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Figure S8. Current density (J) - Voltage (V) characteristics of PBDBS-T:PNDIBS (1:0.6 wt/wt)

devices subjected to different pre-treatment pathways.

66



Table S9. Effect of different pre-treatment pathways on the photovoltaic performance of PBDB-
T:PNDIBS (1:0.4 wt/wt)

Pre-treatment: J. (mA/cmz) V.. V) FF PCEaye (%)
Aged (3hrs) 14.32 0.870  0.522 6.47
(£0.32)
Annealed
nneale 15.11 0.865  0.581 7.45
(130 °C) (£0.24)
Annealed + 0.5% DPE 15.76 0.855  0.600 i’oolf

The average PCE values were generated using 8 separate devices. Active layers with thicknesses of c.a. 100nm were obtained.
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Figure S9. Current density (J) - Voltage (V) characteristics of PBDB-T:PNDIBS (1:0.4 wt/wt)

devices subjected to different pre-treatment pathways.
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Table S10. Effect of different pre-treatment pathways on the photovoltaic performance of PBDB-

S:PNDIBS (1:0.4 wt/wt)

Pre-treatment:

J_(mA/cm’) V,.(V) FF  PCEu (%)
6.71
Aged (3hrs) 15.01 0.865 0.517
(+0.18)
Annealed
fneate 16.77 0.845 0.549 7.69
(175 °C) (£0.19)
Annealed
fneate 17.51 0.845 0.563 8.38
(175 °C) (£0.23)

The average PCE values were generated using 8 separate devices. Active layers with thicknesses of c.a. 100nm were obtained.
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Figure S10. Current density (J) - Voltage (V) characteristics of PBDB-S:PNDIBS (1:0.4 wt/wt)

devices subjected to different pre-treatment pathways.
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Table S11. Employing a conventional device architecture with ITO/PEDOT:PSS/Active

layer/PFN-Br/Al

Active layer composition: J, (mA/cm’) V.. V) FF PCEave (%)
PBDB-T : PNDIBS 16.52 0.850 0.614 8.38
(+0.32) (+0.005) (+0.007) (#0.21)
PBDB-S : PNDIBS 17.78 0.850 0.592 8.82
(£0.15) (+0.005) (+0.005) (£0.16)
PBDBS-T : PNDIBS 18.26 0.825 0.635 9.47
(+0.77) (+0.01) (+0.01) (+0.29)

The average PCE values were generated using 8 separate devices. Active layers with thicknesses of c.a. 100nm were obtained.
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Figure S11. Current density (J) - Voltage (V) characteristics under AM 1.5G illumination (a) and

External quantum efficiency (EQE) spectra (b) for optimized blends of PBDB-T:PNDIBS, PBDB-
S:PNDIBS and PBDBS-T:PNDIBS based Conventional All-Polymer Solar Cells. The architecture
ITO/PEDOT:PSS/Active layer/PFN-Br/Al was used.
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Figure S12. J-V curves of hole-only devices measured by Space-Charge Limited Current (SCLC)
method for neat films of (a) PBDB-T, (b) PBDB-S and (c) PBDBS-T. All neat active layers had a
thickness of c.a. 350 nm.
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Figure S13. J-V curves of hole-only devices (a, b, ¢) and electron-only devices (d, e, f) measured
Space-Chage Limited Current (SCLC) method for optimized PBDB-T:PNDIBS, PBDB-
S:PNDIBS and PBDBS-T:PNDIBS blends. All optimized active layers had a thickness of c.a. 150

nm.
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Table S12. Summary of exciton dissociation parameters and their correlation to Jsc and FF for

optimized inverted All-PSCs.

Jsat P (E, T) =

System Jsc (mA/cm?) (mA/em?) Tddo Fill Factor FF
PBDB-T:PNDIBS 15.76 16.69 0.945 0.603
PBDB-S:PNDIBS 17.51 18.68 0.94 0.563

PBDBS-T:PNDIBS 18.38 19.17 0.952 0.607
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Figure S14. X-Ray Diffraction patterns of neat films. Solution-casted neat films from PBDB-T,
PBDB-S:PNDIBS and PBDBS-T on plain glass substrate. All neat films were thermally annealed
at 175°C.
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Figure S15. X-Ray Diffraction patterns of blend films. Solution-casted blend films from PBDB-
T:PNDIBS (1:0.4 wt/wt), PBDB-S:PNDIBS (1:0.4 wt/wt) and PBDBS-T:PNDIBS (1:0.6 wt/wt)
on plain glass substrate. PBDB-T:PNDIBS and PBDB-S:PNDIBS blend films were annealed at
175°C, while PBDBS-T:PNDIBS blend film was aged for 3hrs in a glovebox.
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Table S13. X-Ray Diffraction data and mean crystallite domain sizes L. of PNDIBS, donor

polymers and their respective blends.

Blend system: é (:(l;)e :2) d 0 ( A) FV}’oI;IM ( :1:1) (f) lt:)‘)eti‘) dyo A)
PBDB-T 4.44 19.85 1.45 6.07 23.42 3.79
PBDB-S 4.4 20.03 1.77 4.97 23.42 3.79

PBDBS-T 4.36 20.21 1.32 6.67 22.71 3.91
PBDB-T:PNDIBS 4.12 21.42 1.29 6.82 23.50 3.78
PBDB-S:PNDIBS 4.12 21.42 1.50 5.87 23.54 3.77

PBDBS-T:PNDIBS 4.08 21.63 1.12 7.86 23.35 3.80
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