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Enormous progress has been made in the field of organic photovoltaics (OPVs) for future
energy applications in the last two decades. Studies and understanding of fullerene-based polymer
solar cells have led to a power conversion efficiency (PCE) of over 12%. However, such fullerene-
based OPVs are not stable in air, among other disadvantages. This thesis mainly focuses on studies
all-polymer solar cells (all-PCSs) based on naphthalene diimide-biselenophene copolymer
acceptors and aims to better understand the relationship between photovoltaic properties, blend
morphology, and device processing variables.

In this study, we found that optimal thermal annealing and use of a processing additive

facilitated favorable blend morphology and enhanced photovoltaic properties in an active layer



composed of a high molecular weight (M5) acceptor polymer, PNDIBS, and a donor polymer,
PBDB-T, with complementary absorption bands. We observed a PCE of over 9% in optimized
PBDB-T:PNDIBS blend devices. In addition, all-PCSs based on donor PBDB-T and random
copolymer acceptors, BSSx (x=10, 20, and 50), were found to have improved morphology, due to
the fine tuned bulk crystallinity of the random copolymers. Finally, we explored solution-
processed electron transport layers (ETLS) as a way to engineer the cathode interface of the all-
PCSs and found that ETLs doped with alkali metal salt can also further enhance the device

performance due to the better charge extraction at the cathode.
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Chapter 1. INTRODUCTION

1.1 BACKGROUND

Since conducting polymers discovered in 1977, organic photovoltaics (OPVs), one of a
representative application in organic electronics and photonics, have attracted great attention and
developed due to their advantages of mechanical properties (lightweight, flexibility, and
transparency) and low cost solution processibility in large scale as next-generation light harvesting
technology.™

Specifically, extensive studies and efforts have been focused on developing fullerene-
based polymer solar cells in bulk heterojunction structure where electron-accepting
semiconductors (n-type) and electron-donating semiconductors (p-type) are blended by forming
an interpenetrating network. However, some drawbacks (costly synthesis, limited absorption in
the visible range, limited chemical and energetic tunability, and poor stability) of fullerene
derivatives with existing abundant and various p-type polymers have raised up the development
of all-polymer solar cells (all-PSCs). Although limited studies and optimization of devices have
conducted in all-PSCs due to the scarcity of n-type polymer semiconductors, all-PSCs have
relative benefits of thermal, mechanical, and photostability as compared to fullerene-based
polymer solar cells. Thus, a new development of n-type polymer semiconductors and their

optimization for all-PSCs is of great interest in the field of OPVs.*



1.2 ORGANIC PHOTOVOLTAICS
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Figure 1. (a) Basic OPV device structure. (b) Basic operation mechanism of OPVs. (c) Typical
current density (Jsc) — Voltage (V) characteristics of OPVs under illumination.

Organic photovoltaics (OPVs) (or organic solar cell) is one of great interest in the field of
renewable energy and various applications required to use electricity. Although the power
conversion efficiency (PCE) is much lower than inorganic solar cells, which can be used in solar
energy generation, it is worth to put considerable efforts on developing OPVs due to the advantages
of lightweight, flexibility, and low-cost processing for commercial applications.

As shown in Figure 2 (a), OPVs consist of various layers to maximize the device
performance. On the basis of the active layer where donor and acceptor organic semiconductors
are blended, each interfacial layer and electrode for electron and hole transport form layered device

structure. For the operation of OPVs shown in Figure 2 (b), four steps (i) absorption photons and
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exciton generation, (ii) exciton diffusion and dissociation, (iii) charge transfer, (iv) charge carriers
collection are required. To be specific, an absorbed photon with larger energy than Eg of organic
semiconductors in the active layer can form exciton as a form of an electron-hole pair. When this
exciton diffuses to the donor/acceptor interface in the active layer, HOMO/LUMO energy
difference can drive the exciton dissociated to charges (electron and hole) and transferred.
Separated electron and hole is finally transported through interfacial layers and collected at the
anode and cathode respectively.

J.*V,. *FF

To understand photovoltaic properties and determine the PCE(= ) of OPVs,

it is required to analyze the important parameters (short-circuit current (Jsc), open-circuit voltage
(Voc), and fill factor (FF)) by drawing J-V curve (Figure 2 (c)). Finally, the optimization of OPVs
is an important step to achieve high performance for future commercialization and their application.
For the improvement, it is necessary to understand each role of layers and their interactions
between them. In the case of the active layer, their broad range light harvesting should be
maximized, and the film morphology should be explored to minimize recombination process,
which can hinder the photovoltaic effect in organic blends. Furthermore, each interlayer and

electrode should be studied for efficient charge collection and device stability.

1.3 DEVICE ENGINEERING FOR OPTIMIZATION

There are many factors which can affect OPVs performance. Mainly, it can be divided into
two categories: molecular design and device engineering. In the perspective of molecular design,
a molecular structure with different monomers, molecular weight, side chains, conjugation length,
and purity can decide material properties such as energy level, optical property, crystallinity,

charge transport property, and solubility. On the other hand, device engineering could be a
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different story for OPVs. In the given blend of n-type and p-type organic semiconductors as bulk
heterojunction structure, optimization of film morphology and maximization of charge collection
are essential processes for enhanced device performance. To control the film morphology in
solution processing, processing solvent and processing additives should be considered. Different
solubility for donor and acceptor and their evaporation rate can affect the morphology of the film.
Furthermore, processing conditions such as thermal annealing with different temperature and time
or aged processing without thermal effect are another key factors for the blend kinetics and
morphology. Also, various interlayers can affect the device performance by changing the work
function of each electrode, forming interface molecular dipoles, and improving surface

morphology with reduces contact resistance.

1.4 MAJOR CHALLENGES AND RESEARCH OBJECTIVE

1.4.1. Major Challenges

In the last few decades, the growing demand for renewable energy sources has accelerated
to the development in photovoltaic (PV) field. Among various PV technologies, OPVs has
attracted great attention due to the critical advantages such as lightweight, flexibility, cost-effective
solution processability with extensive studies and development of various polymer semiconductors
and organic electronic devices. First, most high-performance OPVs has developed from fullerene-
based system polymer solar cell with a maximum PCE over 11%. For this moment, design and
synthesis of new p-type polymer semiconductors for maximizing fullerene-based polymer solar
cell was the main goal. However, the limitations of fullerene such as weak absorption in the visible
region, difficulty in tuning optical and electronic properties, poor photostability started to develop

new nonfullerene device system.
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Although one promising system is an all-polymer system where the n-type polymer and p-
type polymer semiconductor are blended, the scarcity of n-type polymer has limited the

development of the all-PSCs. Currently, most all-PSCs studies have been done with naphthalene

diimide-bithiophene copolymer acceptor also known as N2200, which shows high electron
mobility, high electron affinity, good solubility, and strong absorption in the visible
and near-infrared region.®° At this moment, exploring the all-PSCs with new n-type
polymer semiconductors and their various photovoltaic properties, blend
morphology are required. Also, since interlayers can play an important role in the
performance of OPVs, development of new electron-transport layers or hole-

transport layers is necessary for the progress of OPVs.

1.4.2. Research Objectives

The primary objective of this research is to optimize the device processing, morphology
and cathode interlayer of the all-polymer solar cell. The main focus is to address current scientific
and technical challenges in the field. The specific scope of the research includes:

Optimization of all-polymer solar cells based on Naphthalene diimide-biselenophene
copolymer acceptor with an understanding of photovoltaic properties and blend
morphology. In Chapter 1, with optimal pairing with proper donor polymer (PBDB-T) which have
complementary absorption with NDI-biselenophene copolymer (PNDIBS) as an acceptor,
systematical optimization for all-PCSs with low-M, (LP) and high-M, PNDIBS (HP) acceptor
polymers are presented. While LP is optimized with film aging process, HP shows the best
performance with thermal annealing (150 C). Moreover, both LP and HP cases presented

enhancement in photovoltaic properties with the addition of processing additive of DPE. In
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addition to photovoltaic properties, surface and blend morphology will be discussed with surface
roughness, molecular orientation, crystalline ordering, domain size.

Studying all-polymer solar cells with Naphthalene diimide-biselenophene random
copolymer acceptor. In Chapter 3, NDI-biselenophene random copolymers (BSS10, BSS20, and
BSS50) as a new n-type polymer semiconductor were explored in all-PSCs and discussed with
their photovoltaic properties and blend morphology. Relative simple processing condition with
thermal stability and without any processing additives are advantages of this blend system. As
increasing the percent of selenophene, the change of photovoltaic properties was observed due to
the transition of bulk crystallinity, which observed in GIWAXS data analysis. This results could
open the path of new n-type polymer semiconductors with an understanding of controlling the bulk
crystallinity for high-performance all-PCSs.

Engineering the cathode interface for enhancement of all-polymer solar cells. For
enhancement in device performance of all-PCSs, electron-transport layer (ETL) has a significant
role. ETL can affect the device stability, altering work-function of the electrode, passivation of
traps, blocking hole transport and stimulating electron transport, and protection from metal
diffusion. Also, solution processable ETL are beneficial in the aspect of cost and energy for making
devices. In Chapter 4, various cathode cases were tested with analysis of photovoltaic properties
based on BPhen, BmPyPhB, and TmPyPB as electron transport material with alkali metal salt
dopant. Solution-processed ETLs showed superior improvement in photocurrent compared to
other cathode cases, but reduced fill factor also was observed, which should be solved for the

overall improvement of power conversion efficiency.
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Chapter 2. INVERTED ALL-POLYMER SOLAR CELLS:BLEND

MORPHOLOGY AND OPTIMAL
PHOTOVOLTAIC PROPERTIES

2.1 INTRODUCTION

All-polymer solar cells (all-PSCs), in which the active layer is composed of a hole-
conducting (donor) polymer and an electron-conducting (acceptor) polymer, are technologically
attractive alternatives to fullerene-based polymer solar cells.*”” Their enhanced light-harvesting
properties, greater tunability of the molecular and electronic structures, and enhanced thermal and
mechanical robustness mean that all-PSCs have the potential to be readily optimized and
manufactured on a large scale.®®® Although considerable progress has been made in the last 5
years, raising the power conversion efficiency (PCE) of all-PSCs from under 3% to the current 8-
10% range,® 1°1° this performance remains below that of the best fullerene/polymer devices (10-
12%)%-18 and predicted theoretical device efficiency!® 2° of organic photovoltaics. In general, the
key photovoltaic parameters — photocurrent and fill factor — remain relatively low even for the
best all-PSCs reported to date!?® while open circuit voltage (Voc) or optical bandgap (E¢°™) energy
loss (Eioss = E¢°P'-€Voc) remains an important limitation in these devices.

Recent advances in the performance of all-PSCs have come from studies of only a few
acceptor polymers.* Indeed, nearly all reports of all-PSCs with a PCE of about 8% or higher have
been based on the extensively studied naphthalene diimide (NDI)-bithiophene copolymer
(P(NDI20OD-T2) or N2200)*12 and its terpolymer derivatives.’* The few exemptions include
perylene diimide vinylene copolymers!® and NDI-selenophene copolymer (PNDIS-HD).®
Interestingly, although high field-effect electron mobility has been reported for NDI-

biselenophene copolymer (PNDIBS),? the selenophene analogue of N2200, all-PSCs made from
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it have so far had poor efficiency (PCE < 1%).2% 2 In our earlier study, PNDIBS with 2-

decyltetradecyl chains was paired with regioregular poly(3-hexylthiophene) (P3HT), resulting in
all-PSCs with a PCE of 0.9%.2? In a more recent study by others, PNDIBS with 2-octyldodecyl
side chains and a low molecular weight (M, = 43.1 kDa) was paired with a benzodithiophene-
thienopyrroledione copolymer (PTP8) donor to achieve all-PSCs with a PCE of only 0.9%.% Thus,
PNDIBS remains to be fully explored as an acceptor polymer for developing highly efficient all-
PSCs.

In this Chapter, | report the synthesis and characterization of high molecular weight
PNDIBS bearing 2-octyldodecyl side chains and its use as an electron-conducting polymer to
develop high performance all-PSCs. We selected the donor polymer PBDB-T (also known as
PCE12),%* 2 whose molecular structure is shown in Figure 2a, to investigate the photovoltaic
properties of PNDIBS in all-PSCs. Absorption spectrum of the medium bandgap (Eg = 1.80 eV)
PBDB-T donor is seen to be perfectly complementary to that of the PNDIBS acceptor (Figure 2b),
unlike the donor polymers used in the prior studies.?> 2 The donor/acceptor energy level offsets
of the PBDB-T/PNDIBS pair (Figure 2c) are also ideal for achieving efficient charge transfer and
separation.? Inverted all-PSCs fabricated from binary blends of high molecular weight PNDIBS
with PBDB-T were found to have a PCE of up to 9.4% with a high short circuit current density

(Jsc) of 18.32 mA/cm?. These results are among the highest observed so far in all-PSCs.1-14 27
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Figure 2. (a) Molecular structures of acceptor polymer PNDIBS and donor polymer PBDB-T. (b)
thin-film optical absorption spectra of the acceptor and donor polymers. (¢) HOMO/LUMO energy
levels of the acceptor and donor polymers.

2.2 EXPERIMENT SECTION

Materials. Tri-(o-tolyl)-phosphine, tris(dibenzylideneacetone)dipalladium (0) (Pd2(dba)s),
selenophene, trimethyltin chloride (20% solution) in THF, anhydrous copper(ll)chloride, n-butyl
lithium (2M in hexane), and chlorobenzene were purchased from Sigma-Aldrich and used without
further purification. 5,10-Dibromoisochromeno[6,5,4-def] isochromene-1,3,6,8(3aH, 8aH )-
tetraone and 2-octyldodecyl amine were purchased from Suna Tech Inc (Jaiansu, China). The
donor polymer PBDB-T (M = 62 kDa, B = 1.90) was purchased from Brilliant Matters Organic

electronics (Quebec, Canada) and was used as received.
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Monomer Synthesis. 5,5’-Bis (trimethylstannyl)-2,2’-biselenophene and 4,9-dibromo-2,7-bis(2-

octyldodecyl) benzo[Imn][3,8]phenanthroline-1,3,6,8-tetraone monomers were synthesized
according to our previously reported procedures.?>?3

Synthesis of [Poly {[N, N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-alt-
5,5'-(2,2’-biselenophene)}](PNDIBS). 4,9-Dibromo-2,7-bis(2-octyldodecyl)
benzo[Imn][3,8]phenanthroline-1,3,6,8-tetraone (650 mg, 0.659 mmol), 5,5-
bis(trimethylstannyl)-2,2 biselenophene (385 mg, 0.659 mmol), Pd>(dba)z (21 mg, 3.5 mole%) and
P(o-tolyl)z (35 mg, 0.1153 mmol) were added into a 100 mL air free Schlenk tube and then
degassed and filled with argon three times. Afterwards, 30 mL chlorobenzene was added and
degassed and filled with argon three times. The reaction mixture was stirred at 120 °C for 4 days
under argon. The reaction mixture was cooled to 100 °C and (0.1 mL) trimethytinbenzene was
added, and stirred for 12 hours followed by addition of (0.1mL) bromobenzene and stirring for
another 12 hours to complete the polymer end-capping. After cooling down to room temperature,
the polymerization mixture was poured into 500 mL methanol/ 10 mL hydrochloric acid solution
and stirred for 3 h. The polymer precipitated out as a bluish green solid and was filtered using a
buchner funnel. The polymer was purified by Soxhlet extraction sequentially with methanol,
acetone, and hexane, respectively, and subsequently extracted in hot chloroform for 48h. The
chloroform - insoluble fraction was removed from extraction thimble and dried in vacuum oven to
give PNDIBS (HP) (180 mg, 26 %). The chloroform - soluble fraction was concentrated and
precipitated in 400 mL methanol to give PNDIBS (LP) (390 mg, 55 %). PNDIBS (LP): *H NMR
(CDCls, 500 MHz): 5 (ppm) 8.85-8.50 (2H), 7.30-7.50 (4H), 4.14 (4H), 2.10 (2H), 1.40-1.15(64H),

0.80 (12H). GPC: Mw = 82.0 kDa, Mn = 28.4 kDa, b = 2.88. TGA: Tq = 396 °C.
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PNDIBS (HP): *H NMR (CsDsCl, 500 MHz): & (ppm) 8.80-8.60 (2H), 7.20-7.50 (4H), 4.14 (4H),

1.99 (2H), 1.29(64H), 0.88 (12H). GPC: My = 132.4 kDa, M, = 53.7 kDa, = 2.46. TGA: Tq =
416 °C.

Characterizations. 'H NMR spectra were recorded on a Bruker AV500 at 500 MHz using
deuterated chloroform (CDCIs3) or chlorobenzene (CsDsCl) as the solvent. Size exclusion
chromatography (SEC) analysis was performed using Viscotek Gel permeation chromatography
against polystyrene standards in chlorobenzene (flow rate 1mL/min) at room temperature (25 °C).
GPC measurement at 120 °C was carried out by using ECOSEC high temperature system (HLC-
8321GPC/HT) in 1,2,3-trichlorobenzene solvent (flow rate ImL/min) and polystyrene standards.
Thermogravimetric analysis (TGA) of the polymers was conducted on a TA Instrument model
Q50TGA. A heating rate of 10 °C /min under a flow of N> was used with runs conducted from
room temperature to 850 °C. Differential scanning calorimetry (DSC) analysis was performed on
a TA Instruments Q100 under N2 by scanning from -10 °C to 370 °C at a heating rate and cooling
rate of 10 °C /min. Optical absorption spectra of polymers were measured on a PerkinEImer model
Lambda 900 UV-vis/near-IR spectrophotometer. Solution and solid-state absorption spectra were
obtained from dilute (10® M) polymer solution in chlorobenzene and as thin films on glass
substrate, respectively. Thin films were spin-coated from 20 mg/mL solutions in chlorobenzene.
Photoluminescence (PL) measurements were carried out with a Photon Technology International
(PTI) Inc. model QM2001-4 spectrofluorimeter using xenon flash lamp as the light source.
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 electrode. Silver/silver ion (Ag in 0.1 M

AgNO:s solution) was used as a reference electrode. The films of the polymer were coated onto the
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Pt wires by dipping the wires into polymer solutions in chloroform for PNDIBS (LP) and

chlorobenzene for PNDIBD (HP) and then 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. LUMO energy
levels were estimated using ferrocene value of -4.8 eV with respect to vacuum level. The LUMO
and HOMO levels were determined by using equation ELumo = -(eEreq®* + 4.8) and Enomo = -
(eEox®"'+4.8), respectively.

X-ray Diffraction (XRD) Analysis. XRD patterns were collected on a Bruker D8 Discover
Microfocus diffractometer with Cu K-a beam (1.54 A) as the X-ray source. Neat PNDIBS (LP,
HP) films were prepared by drop-casting of highly concentrated solutions (20 mg/mL) in
chlorobenzene onto glass substrates, and followed by annealing on a hot plate at 130 °C for 10
min. XRD patterns were recorded using 6/26 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 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.

AFM Imaging. Atomic force microscopy (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.

2D-GIWAXS. Grazing incidence X-ray scattering (GIWAXS) experiments were conducted at the
Japan Synchrotron Radiation Facility SPring-8 by using the beamlines BL46XU and BL19B2.

Thin-film samples of the neat acceptor polymers PNDIBS (LP, HP) and donor polymer PBDB-T
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were respectively spin-coated on the top of glass substrates and annealed at 130 °C for 10 min and
the binary blend films were prepared in the same manner as the actual all-PSC devices on ZnO-
coated ITO substrates. The X-ray beam was monochromatized by a double-crystal Si (111)
monochromator and the X-ray energy in this experiment was 12.40 keV (4 = 0.1 nm). The angle
of incident X-ray to sample surface was 0.12° with a Huber diffractometer. The scattered profile
from the film sample was detected using an area detector (PILATUS 300K) for 1 s at room
temperature and the distance between the sample and detector was 174.0 mm. The crystal

coherence length (Lc) of samples were analyzed by using the Scherrer equation: Lc=27K/Aq;

Where K is a shape factor (typically 0.89) and Aq is the full width at half maxima (FWHM) of the
diffraction peak. Here, the L. 1% was obtained from the FWHM of the (100) diffraction peak in
the-plane (gxy) line cut.

Fabrication and characterization of Polymer Solar Cells. All-polymer solar cells were
fabricated with an inverted structure of ITO/ZnO/PEI/Blend/MoO3/Ag. ITO-coated substrates (15
Q 171, Shanghai B. Tree Tech, Shanghai, China) were cleaned sequentially in ultrasonic baths with
acetone and isopropyl alcohol for 15 min, dried using nitrogen gas and followed by 90 s of O>
plasma cleaning. The ZnO precursor solution was spin-coated onto the ITO substrates at 5000 rpm
for 40 s, followed by thermal annealing at 250 °C for 30 min to make ~30 nm thick ZnO layer. A
0.05 wt% solution of polyethylenimine (PEI, Mw =~ 25 000, Aldrich 408727) in 2-methoxyethanol
was spin-coated onto the ZnO layer and dried at 110 °C for 10 min. The solution for each PBDB-
T: PNDIBS blend (1:0.4 w/w) was prepared in chlorobenzene with (or without) 0.5 vol % DPE
processing additive, mixed and stirred overnight at 80 °C in the glove box. The blend solution was
spin-coated at 1000 rpm for 50 s, followed by thermal annealing at 130 °C for 10 min or dried at

room temperature (25 °C) for 3 h in the glove box. All the active layers had a thickness of 90 + 10
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nm. MoOz (0.5 nm) and Ag (100 nm) were thermally deposited onto the active layer. Each

substrate contained four devices, each with an active area of 3 mm?. After evaporation of the anode,
the photovoltaic cells 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 200W Xenon
Lamp Power Supply (Model XPS 200, Solar Light Co., Philadelphia, PA) calibrated by 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-V
measurement, the external quantum efficiency (EQE) was 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 TF Mini Super measurement apparatus
for multiple devices in a single substrate. The EQE system was calibrated with a Si photodiode
before measurement.

Space-Charge-Limited Current (SCLC) Measurement. Current-voltage (J-V) characteristics of
the SCLC devices were measured by using a HP4155A semiconductor parameter analyzer
(Yokogawa Hewlett-Packard, Tokyo). The carrier mobility was extracted by fitting the J-V curves
according to the Mott—Gurney equation where J is the current density, o is the permittivity of free
space, € is the relative permittivity, « is the zero-field mobility, V is the applied voltage, d is the
thickness of active layer.

_9 V2
J —ggeo,u$

The SCLC device structures for hole-only and electron-only measurements were ITO/PEDOT:
PSS/blends/MoOs (7.5 nm)/Ag (100 nm) and ITO/ZnO/PEl/blend/LiF(1 nm)/Al(100 nm),

respectively. Each active layer (PBDB-T:PNDIBS (1:0.4 wt/wt)) solution in chlorobenzene with

0.5 vol% DPE processing additive was spin-coated at 1000 rpm for 50 s, followed by thermal
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annealing at 130 °C for 10 min or dried at room temperature (25 °C) for 3 h (aged) in the glove

box. All the active layers had thickness of 240 + 10 nm.

2.3 RESULTS AND DISCUSSIONS

PNDIBS was synthesized by Stille coupling copolymerization of 4,9-dibromo-2,7-bis(2-
octyldodecyl)-benzo[Imn][3,8]-phenanthroline-1,3,6,8-tetraone with 5,5’-Bis (trimethylstannyl)-
2,2’-biselenophene in the presence of Pdz(dba)s and P(o-tolyl)s in chlorobenzene following the
literature procedure.?? The PNDIBS sample was fractionated into a chloroform-soluble fraction
denoted LP, which has a number-average molecular weight (M) of 28.4 kDa and dispersity (D)
of 2.88, and a chloroform-insoluble fraction denoted HP, which has an Mn of 53.7 kDa and B of
2.46. These My and D values also, shown in table 1 were measured at 120 °C using 1,2,3-
trichlorobenzene solvent and polystyrene standards. We note that when the GPC characterization
was performed at room temperature (25 °C) in chlorobenzene much higher M, and My values were
observed for LP (M, = 68.8 kDa, My = 152 kDa) and HP (M, = 114.6 kDa, My = 218 kDa),
indicating significant aggregation of sample at room temperature. *H NMR spectra (Figure S1)
confirmed the molecular structure of PNDIBS and were similar to prior reports.?? 2 The LP and
HP fractions had onset decomposition temperature (Tq4) of 396 °C and 416 °C, respectively (Figure
S2). Differential scanning calorimetry (DSC) scans (Figure S3) showed that HP had a higher
melting transition temperature (Tm = 336 °C, AH¢= 4.79 J/g) compared to LP (Tm = 316 °C, AHs=
4.20 J/g). We note that the observed M, values for LP and HP samples are much higher compared
to the previously reported My of 42.4 - 43.1 kDa for PNDIBS polymers with 2-decyltetradecyl?®
or 2-octyldodecyl?* side chains. High Mn values and shorter alkyl side chains of the acceptor

polymer are highly desirable for enhancing the electron mobility and face-on molecular
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orientations, and for promoting intermixed domains in phase-separated nanomorphology in all-

PSCs, which could all contribute to achieving higher Jsc and FF.10.29-32

Table 1. Molecular Weight and Physical Properties of Acceptor Polymer Samples PNDIBS (LP,
HP).

Xmaxa) b) opt

PDIBS gy Do (me G W R
392,701 398,

LP 68.8 221 396 w6 . 140 2370 390 57 154

HP 1146 191 416 394,708 399, 140 2392 389 71 124
(4.89) 724 ‘ ‘

9 Absorption maximum in dilute chlorobenzene solution. ® Thin-film absorption maximum.

The optical absorption, electronic energy levels, and crystallinity of the neat thin films of
HP and LP samples of PNDIBS were characterized to investigate any possible effects of Mn. The
absorption spectra of both HP and LP showed characteristic two-bands with essentially identical
peaks at 399 nm and 724 nm (Figure 2b), resulting in absorption edge optical bandgap (E¢°") of
1.40 eV. We note that the lower energy absorption band of PNDIBS, which is due to intramolecular
charge transfer (ICT)?, is redshifted from the corresponding ICT band in N2200% in accord with
the stronger electron donating nature of biselenophene compared to the bithiophene moiety in
N2200.243* Also shown in Figure 1b is the absorption spectrum of the donor polymer, PBDB-T,
which nicely complements that of PNDIBS. We used onset redox potentials from cyclic
voltammograms (Figure S6) to estimate the HOMO/LUMO energy levels shown in Figure 2c; no
difference between HP and LP samples was observed. X-ray diffraction analysis of annealed (at

130 °C for 10 min) solution-cast films of both LP and HP revealed lamellar crystallinity with
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intense (100) peaks (Figure S7). Both samples of PNDIBS also showed clear n-n stacking (010)

peaks. The observed d-spacing values are given in the Table 1. The mean crystalline domain sizes
(Lc) of the HP and LP samples calculated from the dioo peak using the Scherrer equation® were
12.4 nm and 15.4 nm, respectively, revealing effect of molecular weight.

The photovoltaic properties of all-PSCs based on PNDIBS as the acceptor component and
PBDB-T as the donor component were investigated by fabricating and evaluating inverted devices
with the structure: 1TO/ZnO/PEI/blend/MoOs/Ag, where polyethyleneimine (PEI) is a cathode
interface layer.%® We screened and systematically optimized the blend active layer composition
and processing conditions known to determine the performance of all-PSCs, including drying of
the active layer at room temperature (or aging), annealing of the active layer at a high temperature
(80-175 °C), and use of various processing additives in the spin coating of the active layer from
chlorobenzene solution. Representative current density-voltage (J-V) curves are collected in
Figures S8-S13 and the photovoltaic parameters, including short-circuit current (Jsc), open circuit
voltage (Voc), and fill factor (FF) are provide in Tables S1-S6. We found the optimal PBDB-
T:PNDIBS donor: acceptor blend composition, annealing temperature, and processing additive to
be 1:0.4 wt/wt, 130 °C, and 0.5 % v/v diphenyl ether (DPE), respectively. The photovoltaic results

for these optimized conditions are summarized in Figure 3 and Table 2.
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Figure 3. Current density (Jsc)-Voltage (V) characteristics under AM 1.5G 100 mA/cm?
illumination (a) and EQE spectra (b) for optimal PBDB-T:PNDIBS (LP, HP) all-polymer solar
cells. The PBDB-T:LP and PBDB-T:HP blend active layers were dried at 25 °C (3 hr) and
thermally annealed (130 °C,10 min), respectively.

The photovoltaic properties of the PBDB-T:LP all-PSCs, even at the optimum donor:
acceptor blend composition of 1:0.4 wt/wt, varied significantly with the device processing
conditions. The thermally annealed (130 °C, 10 min) devices had a PCE of 6.04% with Jsc of 16.1
mA/cm?, Vo of 0.83 V, and FF of 0.44. In contrast, similar devices with active layers dried in air
at room temperature, had an improved PCE of 7.1% and a higher FF of 0.48 even though the Js
and Voc were only marginally enhanced (Table 2). This observation of enhancement of efficiency
of the aged all-PSCs compared to the thermally annealed ones is very similar to a previous report
for an entirely different donor/acceptor polymer pair.® It was suggested that the slow solvent
evaporation rate during the aging at room temperature enabled the modulation of the aggregation
rate of the donor and acceptor polymers and thus the nanomorphology of the all-PSC active layer.®
The known mechanism of action of a processing additive®” * is to similarly enable the differential
aggregation rate of the components of an all-PSC,* leading to improved nanostructuring of the

phase-separated morphology.*° We thus explored four different processing additives including 1,8-
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diiodooctane (DIO), 1-chloronaphthalene (CN), 1,8-octanedithiol (ODT), and diphenyl ether

(DPE) and found 0.5 vol % DPE to be the best (Figure S9 and S10 and Table S2 and S3). By using
DPE/chlorobenzene to fabricate PBDB-T:LP blend active layers followed by thermal annealing,
we observed enhancement of FF (0.53) and the PCE, even though the Jsc slightly decreased (Table
2). Similar use of DPE processing additive prior to aging resulted in PBDB-T:LP all-PSC with the
best performance of 7.86% PCE, which is due to the combined enhancement of Jsc and FF (Table

2).

Table 2. Photovoltaic Properties of 1:0.4 wt/wt PBDB-T:PNDIBS (LP, HP) Blend All-Polymer
Solar Cells.

PNDIBS Additive Condition Jse (MA/cm?) Voc (V) FF PCEmax (%) PCEave (%)°
LP - Annealed? 16.10 0.83 0.44 6.04 5.92 (£0.22) ¢
LP - Aged® 16.16 0.85 0.48 7.12 6.63 (+0.70) ¢
LP DPE (0.5 vol%) Annealed? 15.61 0.84 0.53 6.98 6.87 (£0.10) ©
LP DPE (0.5 vol%) Aged® 16.91 0.84 0.52 7.86 7.39 (x0.32) ¢
HP - Annealed? 18.09 0.87 0.55 8.67 8.55 (£0.12) ¢
HP - Aged® 17.42 0.87 0.52 8.02 7.89 (x0.13) ©
HP DPE (0.5 vol%) Annealed? 18.32 0.85 0.57 9.38 8.92 (0.29) ¢
HP DPE (0.5 vol%) Aged® 16.47 0.86 0.54 8.08 7.60 (+0.67) ©

4 Annealed at 130 °C for 10 min. ® Aged (dried) at 25 °C for 3 hr. © Average PCE values obtained from 4 separate devices. 9
Average PCE values obtained from 15 or more separate devices.

These results clearly show that the combination of DPE processing additive and aging is
synergistic in improving the performance of PBDB-T:LP all-PSCs. The performance of all-PSCs
based on blends of the high-M, PNDIBS, PBDB-T:HP, was found to be significantly enhanced
compared to the above optimal PBDB-T:LP devices. Thermally annealed PBDB-T:HP devices
combined enhancements of Js¢, FF, and even V. to achieve a PCE of 8.67% (Table 2). However,
contrary to our expectations from the above low-Mh results, the aged PBDB-T:HP devices had a

PCE of 8.02%, which is reduced compared to the thermally annealed cells. Interestingly, using
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DPE processing additive in the solution spin coating followed by thermal annealing of the active
layer, resulted in PBDB-T:HP all-PSCs with a PCE of 9.38%, Jsc of 18.32 mA/cm? and a FF of
0.57. In this case, the combination of using a DPE additive and thermal annealing has resulted in
synergistic improvement of performance. However, with a PCE of 8.08%, no enhancement was
observed for PBDB-T:HP cells fabricated by using DPE additive and followed by aging. This is a
strikingly different result compared to the low-M, PNDIBS devices and implies that the polymer
molecular weight can dictate different pathways to optimal performance of all-PSCs.

The external quantum efficiency (EQE) spectra of the optimal PBDB-T:PNDIBS (LP, HP)
devices are shown in Figure 3b. In both the low-M, (LP) and high-M, (HP) BHJ cells, the
photoresponse and current generation turn on at 885 nm and extend to 300 nm in good agreement
with the complementary absorption from the donor PBDB-T and acceptor PNDIBS polymers.
Although the lineshape of the EQE spectra are similar, the HP devices have a higher EQE than the
LP devices with peak EQE value of ~70% and ~60%, respectively, in the 500—650 nm region. The
observed photocurrent generation in the 700-885 nm and 300-440 nm regions is largely contributed
by excitons harvested by the acceptor polymer PNDIBS, suggesting that photoinduced hole
transfer 2% is very efficient in this blend system. On the other hand, excitons harvested by the donor
polymer PBDB-T and thus efficient photoinduced electron transfer dominate the 500—650 nm
region of the EQE spectrum. We note that optical bandgap energy loss (Eioss = E¢®-€Voc) in these
PBDB-T:PNDIBS (LP, HP) devices is remarkably low at 0.53 eV, which is among the lowest
observed so far for highly efficient all-PSCs.}24

A number of the features of the observed photovoltaic properties of PBDB-T:PNDIBS
devices are noteworthy for their important implications for further development of all-PSCs. First,

our results demonstrate for the first time that PNDIBS is a promising electron-conducting polymer
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for developing high performance all-PSCs and hence expands the scope of highly efficient
acceptor polymers beyond the widely studied N2200. Second, the present findings show that a
very high M is advantageous to improving the performance of all-PSCs and furthermore that low-
Mn and high-Mn polymers can have very different pathways (e. g. aging vs thermal annealing) to
the optimal performance of all-PSCs. Third, our observation of high efficiency all-PSCs from
PNDIBS (LP, HP) highlights the critical roles of high My, suitable side chains, and choice of a
donor polymer with a complementary absorption when compared to prior studies of low-Ms
PNDIBS.?> 2 Fourth, while the observed 9.4% maximum PCE for inverted PBDB-T:PNDIBS
(HP) devices is among the highest so far for all-PSCs, the corresponding 57% FF value is
significantly less than ~ 70-73% seen in other highly efficient all-PSC blend systems!? and this

suggests that further significant improvement in performance is possible for PNDIBS-based all-

PSCs.
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Figure 4. (a) PL emission spectra (600 nm excitation) of PBDB-T neat film and optimal PBDB-
T:PNDIBS (LP, HP) blend (1:0.4 wt/wt) films. (b) Jon-Vest curves for optimal PBDB-T:LP and
PBDB-T:HP blend devices. (c) Jsc dependence on light intensity for optimal PBDB-T:LP and
PBDB-T:HP devices.
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We performed photoluminescence (PL) quenching experiments to gain insights into
exciton dissociation and charge transfer in the PBDB-T:PNDIBS (LP, HP) all-PSCs. The PL
emission spectra of the optimal PBDB-T:LP and PBDB-T:HP blends (1:0.4 wt/wt) and that of the
neat PBDB-T thin film are shown in Figure 4a. The broad PL emission spectrum of PBDB-T
extends from 625 to 860 nm with a peak at 690 nm. Relative to this neat donor polymer emission,
the PL emission spectra of the LP and HP blends are dramatically quenched with 91 and 93%
quenching efficiency, respectively. These observations imply that photoinduced charge transfer is
highly efficient in both the LP and HP blends. They also suggest that the nanoscale morphology
of the PBDB-T:PNDIBS photovoltaic blends has sufficiently small phase-separated domains and
some molecular miscibility that enabled efficient exciton dissociation.

To further understand exciton dissociation, charge photogeneration and charge collection
in the PBDB-T:PNDIBS (LP, HP) blend devices, we analyzed the photocurrent density Jpn (Jph =
JL — Jp) versus effective voltage Vet (Vett = Vbi — Va) curves (Figure 4b), where J_ and Jp are the
current densities under illumination and dark conditions, respectively, and Vy; is the built-in-
voltage or voltage when Jpn = 0 and Vi, is the applied voltage. Jon is seen to slowly approach
saturation at ~ 2V for both the LP and HP blend devices (Figure 4b), resulting in a saturation
photocurrent density Js: of 17.6 mA/cm? and 20 mA/cm?, respectively. It can be concluded that
the effective voltage is large enough to extract nearly all photogenerated free charges to the
electrode at saturation point.*® The maximum photoinduced carrier generation rate Gmax can thus
be estimated from the Jsat: (Gmax = Jsat/ 9.L), Where q is the elementary charge and L is active layer
thickness. For both LP and HP blend devices we obtained high Gmax values (= 10?8 m=st), which
imply good exciton dissociation and charge photogeneration rates. The charge collection

probability P (E, T) under short circuit condition for HP devices (= Jpn/Jsat) Was found to be 94.2%
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compared to 92.4% for LP devices. The observed high Gmax and P (E, T) values indicate that

PBDB-T:PNDIBS based all-PSCs exhibit superior exciton dissociation, carrier generation, and
charge collection characteristics. Furthermore, the higher P (E, T) value for HP blends suggest that
the charge collection process is more efficient in the high- My all-PSCs.

The short-circuit current density (Jsc) as a function of illumination intensity (Piignt) in the
PBDB-T:PNDIBS (LP, HP) all-PSCs was measured and analyzed to understand the charge
recombination kinetics of the devices. The data shown in Figure 4b follow the expected power-
law dependence of Jsc on Piight (Jsc o< (Piight)®), where linearity (o = 1) indicates weak carrier losses
due to bimolecular recombination.* However, the observed power-law exponent a is 0.92 for LP
and 0.94 for HP blend devices. We conclude that these values of a mean that there is significant
carrier losses due to bimolecular recombination, which can partly explain the observed relatively
low FF values (0.52-0.57) of the PBDB-T:PNDIBS all-PSCs.

We characterized the bulk charge transport of the active layers of the all-PSCs to gain
further insights into the photovoltaic properties, including the FF which depends on the carrier
sweep-out rate relative to bimolecular recombination rate. The bulk electron and hole mobilities
of PBDB-T:PNDIBS (LP, HP) blend devices were measured by using the space charge limited
current (SCLC) method with hole-only (ITO/PEDOT:PSS/active layer/MoOs/Ag) and electron-
only (ITO/ZnO/PEl/active layer/LiF/Al) structures. The J-V curves and Mott-Gurney equation fits
of the data for both LP and HP blend devices are shown in Figure S13. The hole mobility () in
both LP blends (1.58 x 10 cm?/Vs) and HP blends (1.93 x 10* cm?/Vs) was similar and also
comparable to the un values reported for other BHJ devices?’ and all-PSCs*? based on PBDB-T as
the donor polymer component. In contrast, an order of magnitude higher electron mobility was

observed in the HP blends (ue = 1.89 x 10 cm?/Vs) compared to the LP blends (ue = 2.33 x 107
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cm?/Vs). The higher electron mobility in the high-M, PNDIBS blends resulted in balanced charge

transport (un/ie = 1.02) in the corresponding all-PSCs in accord with the observed higher FF value
(0.57) and photocurrent (Jsc = 18.32 mA/cm?) compared to the more asymmetric charge transport
(unlue = 6.78) and smaller FF (0.52) and Js (16.91 mA/cm?) values observed in the PBDB-T:LP
devices.

We investigated the surface morphology of PBDB-T:LP and PBDB-T:HP blend devices
by using atomic force microscopy (AFM) imaging. AFM height and phase images of the optimal
blend devices are shown in Figure S14. Both blend devices showed nearly identical phase
separated morphology with domain sizes of 20-30 nm. The HP blend devices had a relatively
smooth surface compared to the LP blend devices as judged by the smaller route-mean-square
surface roughness value for HP blends (rms = 1.32+0.10 nm) than the LP blends (rms =1.73+0.12
nm). This observation indicates that the PBDB-T:HP blends have improved molecularly
intermixed domains of the donor and acceptor polymers with suppressed macroscopic phase

separation, compared to the low-M, blends.
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Figure 5. 2D-GIWAXS patterns of polymer thin films. (a) neat PNDIBS (LP). (b) neat PNDIBS
(HP). (c, d) optimal PBDB-T:PNDIBS (LP, HP) blend (1:0.4 wt/wt) thin films: PBDB-T:LP blend
dried at 25 °C for 3 h (c); PBDB-T:HP blend annealed at 130 °C for 10 min (d). (e, f) Out-of-plane
and in-plane line-cut of GIWAXS patterns: neat films of LP, HP and PBDB-T thin films (e); and
PBDB-T:LP and PBDB-T:HP blend thin films (f).

2D-Grazing incident wide-angle X-ray scattering (2D-GIWAXS) measurements were
carried out to gain further insights into the connection of the morphology of the neat polymers and
their blends to the photovoltaic properties. The 2D-GIWAXS images of the neat polymer thin films

and the PBDB-T:PNDIBS (LP, HP) blend thin films are shown in Figure S14 and Figure 5,
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respectively. The corresponding out-of-plane (OOP) and in-plane (IP) line cut diffractograms are
also shown in Figure 5. 2D-GIWAXS pattern of neat PBDB-T film agrees with prior report:** OOP
(010) peak for 7t-r stacking is observed at g, = 1.68 A, and the lamellar peak (100) at gxy = 0.28
A is located in the IP cut. Intense OOP (010) peaks (g = 1.58 A™*) were observed in both neat
LP and HP films, indicative of adoption of face-on molecular orientation. The more intense (010)
peak in the GIWAXS patterns of HP compared to LP (Figure 5) indicates that the degree of face-
on molecular orientation is greater in the high-M, PNDIBS film, similar to prior reports for other
NDI-containing polymers.?® A crystal correlation length (Lc) determined from a Scherrer equation
analysis of the (100) peak for the neat PBDB-T film was found to be 5.5 nm (Table S7), which is
ideal as a component to be paired with a more crystalline one in all-PSCs.* The similarly estimated
L. values are 16.2 nm and 15.1 nm for the LP and HP films, respectively, showing that the high-
Mn PNDIBS is less crystalline although both LP and HP films are more crystalline than PBDB-T.

Our analysis of the 2D-GIWAXS results for the PBDB-T:LP and PBDB-T:HP blend films
(Figure 5) revealed the following observations. First, the OOP (100) peaks are broader and shifted
to larger d-spacing (g; = 0.31 A1) compared to those in the neat LP and HP films (g, = 0.28 A).
In both blends, the OOP (100) peak originates from PNDIBS, since the neat PBDB-T has a very
weak OOP (100) peak. Similarly, the OOP (010) peak (g = 1.68 A™) seen in both blends appear
to originate mainly from PBDB-T. These combine features in the blend 2D-GIWAXS patterns
suggest existence of some intimate mixing between the two polymers. Second, the lamellar edge-
on (200) and (300) ordering peaks observed in the neat LP and HP films have disappeared in the
OORP direction while weak intensity peaks are remaining in the IP direction. This suggests that
crystallinity of PNDIBS is decreased in the blend films while face-on molecular orientation has

significantly improved in both LP and HP blends. Third, the crystal correlation length L. values
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observed in the LP (3.7 nm) and HP (5.1 nm) blends (Table S8) found to be optimal for

photovoltaic efficiency, are dramatically reduced compared to the 15-16 nm seen in the neat
acceptor polymer thin films. Interestingly, the observed variation of L. value with blend processing
conditions (thermal annealing (130 °C, 10 min) versus aging (25 °C, 3 hr), with or without use of
a DPE processing additive), clearly reveals that these processing parameters enable manipulation
of the blend nanomorphology, which nicely correlates with performance of the all-PSCs. Overall,
the 2D-GIWAXS results show that the nanomorphology of PBDB-T:PNDIBS blend system,
including the degree of face-on molecular orientation, crystalline ordering, domain sizes, and
extent of intermolecular donor/acceptor mixing, varies with the M, of the PNDIBS sample as well

as with the blend processing conditions.

2.4  CONCLUSIONS

We have synthesized high molecular weight PNDIBS and found that it can be used as an
electron-conducting polymer to develop highly efficient all-PSCs. Although low-M, PNDIBS (LP)
and high-M, PNDIBS (HP) samples have identical optical bandgap (E¢®* = 1.40 eV) and
HOMO/LUMO energy levels, they exhibited very different crystallinity, electron transport and
photovoltaic properties. Optimal all-PSCs composed of high-M, PNDIBS paired with donor
polymer PBDB-T have a PCE of 9.4%, a Jc of 18.32 mA/cm?, and optical bandgap energy loss of
0.53 eV, which are among the best observed to date in all-PSCs. The corresponding PBDB-T:LP
devices had a 7.9 % maximum PCE with a much lower photocurrent. The combined SCLC results
and 2D-GIWAXS characterization of the all-PSC active layers showed that the observed large
enhancement in photovoltaic properties of the high-M, PNDIBS originates from enhanced electron
mobility, greater face-on molecular orientation and more balanced charge transport. Unlike prior

all-PSCs incorporating NDI-biselenophene copolymer of much lower M, or longer side chains and
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different donor polymers, which had poor efficiency (< 1%),%223 the present highly efficient all-
PSCs thus highlight the importance of high My, suitable side chains, and optimal pairing with a

donor polymer.

2.5 REFERENCES

1) Halls, J. J. M.; Arias, A. C.; MacKenzie, J. D.; Wu, W.; Inbasekaran, M.; Woo, E. P.;
Friend, R. H. Adv. Mater. 2000, 12, 498-502.

2 Jenekhe, S. A.; Yi, S. Appl.Phys. Lett. 2000, 77, 2635-2637.

3) Facchetti, A. Mater. Today 2013, 16, 123-132.

4) Benten, H.; Mori, D.; Ohkita, H.; Ito, S. J. Mater. Chem. A 2016, 4, 5340-5365.

(5) Kang, H.; Lee, W.; Oh, J.; Kim, T.; Lee, C.; Kim, B. J. Acc. Chem. Res. 2016, 49, 2424-
2434.

(6) Hwang, Y.-J.; Courtright, B. A. E.; Ferreira, A. S.; Tolbert, S. H.; Jenekhe, S. A. Adv.
Mater. 2015, 27, 4578-4584.

@) Lu, L.; Zheng, T.; Wu, Q.; Schneider, A. M.; Zhao, D.; Yu, L. Chem. Rev. 2015, 115,
12666-12731.

(8) Kim, T.; Kim, J.-H.; Kang, T. E.; Lee, C.; Kang, H.; Shin, M.; Wang, C.; Ma, B.; Jeong,
U.; Kim, T.-S.; Kim, B. J. Nat. Commun. 2015, 6, 8547.

9) Lin, Y.; Dong, S.; Li, Z.; Zheng, W.; Yang, J.; Liu, A.; Cai, W.; Liu, F.; Jiang, Y.; Russell,
T. P.; Huang, F.; Wang, E.; Hou, L. Nano Energy 2018, 46, 428-435.

(10) Earmme, T.; Hwang, Y.-J.; Murari, N. M.; Subramaniyan, S.; Jenekhe, S. A. J. Am. Chem.
Soc. 2013, 135, 14960-14963.

(11) Gao, L.; Zhang, Z.-G.; Xue, L.; Min, J.; Zhang, J.; Wei, Z.; Li, Y. Adv. Mater. 2016, 28,

1884-1890.



34
(12) Fan,B.;Ying, L.; Zhu, P.; Pan, F.; Liu, F.; Chen, J.; Huang, F.; Cao, Y. Adv. Mater. 2017,

29, 1703906.

(13) Fan, B.; Ying, L.; Wang, Z.; He, B.; Jiang, X.-F.; Huang, F.; Cao, Y. Energy & Environ
Sci. 2017, 10, 1243-1251.

(14) Li, Z.; Xu, X.; Zhang, W.; Meng, X.; Genene, Z.; Ma, W.; Mammo, W.; Yartsev, A.;
Andersson, M. R.; Janssen, R. A. J.; Wang, E. Energy & Environ Sci. 2017, 10, 2212-2221.

(15) Guo, Y.; Li, Y.; Awartani, O.; Han, H.; Zhao, J.; Ade, H.; Yan, H.; Zhao, D. Adv. Mater.
2017, 29, 1700309.

(16)  Zhao, J.; Li, Y.; Yang, G.; Jiang, K.; Lin, H.; Ade, H.; Ma, W.; Yan, H. Nat. Energy 2016,
1, 15027.

(17) Wan, Q.; Guo, X.; Wang, Z.; Li, W.; Guo, B.; Ma, W.; Zhang, M.; Li, Y. Adv. Funct.
Mater. 2016, 26, 6635-6640.

(18) Jin, Y.; Chen, Z.; Dong, S.; Zheng, N.; Ying, L.; Jiang, X.-F.; Liu, F.; Huang, F.; Cao, Y.
Adv. Mater. 2016, 28, 9811-9818.

(19) Janssen, R. A. J.; Nelson, J. Adv. Mater. 2013, 25, 1847-1858.

(20)  Giebink, N. C.; Wiederrecht, G. P.; Wasielewski, M. R.; Forrest, S. R. Phys. Rev. B 2011,
83, 195326.

(21) Hwang, Y.-J.; Murari, N. M.; Jenekhe, S. A. Polym. Chem. 2013, 4, 3187-3195.

(22) Hwang, Y.-J,; Ren, G.; Murari, N. M.; Jenekhe, S. A. Macromolecules 2012, 45, 9056-
9062.

(23) Shi, S.; Yuan, J.; Ding, G.; Ford, M.; Lu, K.; Shi, G.; Sun, J.; Ling, X.; Li, Y.; Ma, W. Adv.

Funct. Mater. 2016, 26, 5669-5678.



35
(24) Li, S.; Ye, L.; Zhao, W.; Zhang, S.; Mukherjee, S.; Ade, H.; Hou, J. Adv. Mater. 2016, 28,

9423-9429.

(25) Ye, L.; Jiao, X.; Zhao, W.; Zhang, S.; Yao, H.; Li, S.; Ade, H.; Hou, J. Chem. Mater. 2016,
28, 6178-6185.

(26) Ren, G.; Schlenker, C. W.; Ahmed, E.; Subramaniyan, S.; Olthof, S.; Kahn, A.; Ginger, D.
S.; Jenekhe, S. A. Adv. Funct. Mater. 2013, 23, 1238-1249.

(27) Zhang, Z.-G.; Yang, Y.; Yao, J.; Xue, L.; Chen, S.; Li, X.; Morrison, W.; Yang, C.; Li, Y.
Angew. Chem. Int. Ed. 2017, 56, 13503-13507.

(28) Lee, W.; Lee, C.; Yu, H.; Kim, D.-J.; Wang, C.; Woo, H. Y.; Oh, J. H.; Kim, B. J. Adv.
Funct. Mater. 2016, 26, 1543-1553.

(29)  Jung, J.; Lee, W.; Lee, C.; Ahn, H.; Kim, B. J. Adv. Energy Mater. 2016, 6, 1600504.
(30)  Zhou, N.; Dudnik, A. S.; Li, T. I. N. G.; Manley, E. F.; Aldrich, T. J.; Guo, P.; Liao, H.-
C.; Chen, Z.; Chen, L. X.; Chang, R. P. H.; Facchetti, A.; Olvera de la Cruz, M.; Marks, T. J. J.
Am. Chem. Soc. 2016, 138, 1240-1251.

(31) Chen,S.; An, Y, Dutta, G. K.; Kim, Y.; Zhang, Z.-G.; Li, Y.; Yang, C. Adv. Funct. Mater.
2017, 27, 1603564.

(32) Chen, Z.; Zheng, Y.; Yan, H.; Facchetti, A. J. Am. Chem. Soc. 2009, 131, 8-9.

(33) Ashraf, R. S.; Meager, I.; Nikolka, M.; Kirkus, M.; Planells, M.; Schroeder, B. C.;
Holliday, S.; Hurhangee, M.; Nielsen, C. B.; Sirringhaus, H.; McCulloch, I. J. Am. Chem. Soc.
2015, 137, 1314-1321.

(34) Patterson, A. L., The Scherrer Formula for X-Ray Particle Size Determination. Phy. Rev.
1939, 56, 978-982.

(35) Courtright, B. A. E.; Jenekhe, S. A. ACS Appl. Mater. Interfaces 2015, 7, 26167-26175.



36
(36) Lee, J. K.; Ma, W. L.; Brabec, C. J.; Yuen, J.; Moon, J. S.; Kim, J. Y.; Lee, K.; Bazan, G.

C.; Heeger, A. J. J. Am. Chem. Soc. 2008, 130, 3619-3623.

(37) Xin, H.; Guo, X.; Kim, F. S.; Ren, G.; Watson, M. D.; Jenekhe, S. A. J. Mater. Chem.
2009, 19, 5303-5310.

(38) Shi, G.; Yuan, J.; Huang, X.; Lu, Y.; Liu, Z.; Peng, J.; Ding, G.; Shi, S.; Sun, J.; Lu, K,
Wang, H.-Q.; Ma, W. J. Phys. Chem. C 2015, 119, 25298-25306.

(39) Yuan,J.; Ma, W. J. Mater. Chem. A 2015, 3, 7077-7085.

(40)  Mori, D.; Benten, H.; Okada, I.; Ohkita, H.; Ito, S. Energy & Environ Sci. 2014, 7, 2939-
2943.

(41)  Schilinsky, P.; Waldauf, C.; Brabec, C. J. Appl.Phys. Lett. 2002, 81, 3885-3887.

(42) Zhao, W.; Qian, D.; Zhang, S.; Li, S.; Inganés, O.; Gao, F.; Hou, J. Adv. Mater. 2016, 28,
4734-4739.

(43) Xu, S.j.; Zhou, Z.; Liu, W.; Zhang, Z.; Liu, F.; Yan, H.; Zhu, X. Adv. Mater. 2017, 29,
1704510.

(44) Hwang, Y.-J.; Earmme, T.; Courtright, B. A. E.; Eberle, F. N.; Jenekhe, S. A. J. Am. Chem.

Soc. 2015, 137, 4424-4434



Chapter 3. ALL-POLYMER SOLAR CELLS BASED ON RANDOM
COPOLYMER ACCEPTORS

3.1 INTRODUCTION

Photoactive layer of all-polymer solar cells (all-PSCs) contains two class of
semiconducting polymers, one with electron-conducting (acceptor) and other with hole-
conducting (donor) behavior.Y”” They have attracted much attention in recent years due to their
tremendous potential over polymer/fullerene composite solar cells. Electron-conducting polymer
used in all-PSCs as a replacement for fullerene derivative has many unique features like low-cost,
high thermal/photochemical stability, enhanced light-harvesting properties, a good tunability of
molecular and electronic structure, and mechanical robustness and flexibility; therefore, increasing
its feasibility for scaling up on the larger scale in an inexpensive way.® 8 ° In addition to the
aforementioned promising features, the performance of all-PSCs regarding power conversion
efficiency (PCE) has been rapidly increased from 2% to about 8-10% over the past five years, & 10-
15 indicating the great promise of the all-PSCs based technology for future real-world applications.
Nonetheless, the device performance of state-of-the-art all-PSCs still lag behind the fullerene and
other emerging small-molecule acceptor-based PSCs*®% a very few of the all-PSCs exhibited
PCEs over 8%.'* In general, the inferior device performance of all-PSCs is often correlated to
the suboptimal bulk-heterojunction (BHJ) morphology of polymer:polymer blend that resulted in
the unfavorable conditions for efficient exciton generation and/or charges transport. Such
suboptimal morphology could be identified by the commonly observed low fill factor (FF) and

low photocurrent (Jsc) values. Therefore, although it is a challenging task,® 2* controlling the
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polymer:polymer blend film morphology is highly desirable to enhance the device parameters (FF
and Jsc) of all-PSCs.

Thin film morphology of all-PSC is highly dependent on the nature of photoactive (or
semiconducting) polymers: their molecular structure, side chain, and molecular weight. 10 13.20.22-
24 Considering these factors, a lot of efforts have been devoted in the past two decades to develop
new semiconducting polymers, both electron-donor and electron-acceptor that helped to improve
the blend morphology and overall PCE of all-PSCs.>* " Among these photoactive materials, the
polymers developed by using random copolymer design approach, utilizing three different types
of monomers in the single backbone have been more appealing to tune the morphological and
optoelectronic properties of relevant polymers.? In this regard, our group has demonstrated that
the bulk crystallinity of naphthalene diimide (NDI)-selenophene/perylene diimide (PDI)-
selenophene n-type random copolymers can be well tuned by varying the composition of NDI and
PDI monomers in backbone.?® We found that the bulk crystallinity of polymer is a critical factor
in determining the compatibility and blend morphology of all-PSCs. Random copolymer design
strategy adopted in our study was found to be an easy, robust and reliable method to achieve an
optimum all-PSC blend morphology, resulting in the large enhancement in the photovoltaic
efficiency of all-PSC. By implementing this strategy, several naphthalene-diimide (NDI) and
perylene-diimide (PDI) based acceptor random copolymers were synthesized by others?’-32, which
were reported to greatly enhance the device efficiency as compared to their reference homo-
polymers. Indeed, even in case of appealing acceptor polymer NDI-bithiophene (N2200), its
random copolymer acceptors 2 3334 showed improved all-PSC device efficiency as compared to

N2200 homo-polymer.
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It is very rare to achieve the optimum thin film morphology by using the above-mentioned
chemical approaches alone, rather in common practice the desired morphology was achieved by
using external post-processing treatments such as thermal annealing, solvent annealing, solvent
aging, co-solvent, and solvent additives.® 12 33 338 Even the random copolymer acceptor-based
high performing all-PSC reported so far utilizes solvent additives to realize the optimum
morphology.? 3% 34 However, these techniques are not only making device complexity and
fabrication process more challenging but also create the issue of device stability.> “° In general,
the thermal annealing of donor and acceptor polymer beyond the glass transition temperature is
helpful to improve the thin film morphology and device efficiency of all-PSCs. However, the rigid
and planar structure of most of the acceptor polymer leads to the large domain sizes and phase
separation under thermal annealing, resulting in the improper donor/acceptor mixing and poor thin
film morphology.*! Therefore, it is necessary to develop a new polymer acceptor with controlled
bulk crystallinity, molecular ordering while improving the thermal stability without the use of
solvent additive and tedious processing treatments to achieve a high-performance stable and
scalable all-PSCs.

In this Chapter, | reported the synthesis and characterization of a novel series of random
copolymers (BSSx) and utilized them as an electron accepting component in all-PSCs. The
molecular structure of random copolymers (BSSx) (Figure 6a) is a combination of NDI-
biselenophene/NDI-selenophene backbone in which a certain amount of electron-donating
biselenophene (BS) units of BSSO are replaced by selenophene (Sx), where x represents the
percentage of selenophene. The molar percentage incorporation of selenophene was 10% 20%,
and 50%, leading to the polymers BSS10, BSS20, and BSS50 respectively. The consequence of

different composition of (BS) versus (S) on the random copolymer behavior was characterized
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systematically by analyzing thermal, photophysical, morphological, and charge transport
properties. We found that the crystallinity and molecular orientation of random copolymers were
significantly changed as compared to BSSO reference sample. As a result, they form a compatible
blend with PBDB-T donor polymer with favorable morphology, higher electron mobilities, and
symmetric charge transport. BSS20-based all-PSC exhibited an enhanced photovoltaic parameter
with maximum PCE of 9.6% and Jsc of 19.70 mA/cm?. This PCE value is among the highest
reported so far for all-PSCs by employing random copolymer as an electron acceptor component.
Interestingly, unlike other literature reported random copolymer-based all-PSCs,?%:2% 3334 thin film
morphology optimization in these random copolymer -based all-PSCs had been achieved without
using any solvent additives or/and tedious post-processing treatment. Moreover, the all-PSCs

device morphology is thermally stable up to 200 °C.

BSSy ot

BSSO (x = 0)
BSS10 (x = 0.1)
BSS20 (x = 0.2)
BSS50 (x = 0.5)

Figure 6. (a) Molecular structures of the acceptor (BSSx) and donor (PBDB-T) copolymers. (b)

Schematic of the inverted all-PSC device.

3.2 EXPERIMENT SECTION

Materials. Tri-(o-tolyl)-phosphine, tris(dibenzylideneacetone)dipalladium (0) (Pdz(dba)s),
selenophene, trimethyltin chloride (20% solution) in THF, anhydrous copper(Il)chloride, n-butyl

lithium (2M in hexane), and chlorobenzene were purchased from Sigma-Aldrich and used without
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further purification. 5,10-Dibromoisochromeno(6,5,4-def] isochromene-1,3,6,8(3aH, 8aH)-

tetraone and 2-octyldodecyl amine were purchased from Suna Tech Inc (Jaiansu, China). The
donor polymer PBDB-T (My = 62 kDa, B = 1.90) was purchased from Brilliant Matters Organic
electronics (Quebec, Canada) and was used as received.

Synthesis.

Monomer Synthesis. 5,5’-bis (trimethylstannyl)-2,2’-biselenophene, 2,5-bis (trimethylstannyl)-
selenophene and 4,9-dibromo-2,7-bis(2-octyldodecyl) benzo[Imn][3,8]phenanthroline-1,3,6,8-
tetraone monomers were synthesized according to our previously reported procedures.

Synthesis of [Poly {[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-
diyl]-alt-5,5'-(2,2’-biselenophene)}-ran-{[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8
bis(dicarboximide)-2,6-diyl]-alt-5,5'-(selenophene)] (BSSx).

Copolymer BSS10

4,9-Dibromo-2,7-bis(2-octyldodecyl) benzo[Imn] [3,8] phenanthroline-1,3,6,8-tetraone (550 mg,
0.558 mmol), 5,5’-bis(trimethylstannyl)-2,2’biselenophene (294 mg, 0.502 mmol), 2,5-bis
(trimethylstannyl)-selenophene (26 mg, 0.055 mmol), Pd2(dba)s (20 mg, 3.5 mole%) and P(o-
tolyl)3 (32.5 mg) were added into a 100-mL air free Schlenk tube and then degassed and filled with
argon three times. Afterwards, 25 mL chlorobenzene was added and degassed and filled with argon
three times. The reaction mixture was stirred at 120 °C for 4 days under argon. The reaction
mixture was cooled to 100 °C and (0.1 mL) trimethytinbenzene was added and stirred for 12 hours
followed by addition of (0.1mL) bromobenzene and stirring for another 12 hours to complete the
polymer end-capping. After cooling down to room temperature, the polymerization mixture was
poured into 500 mL methanol/ 10 mL hydrochloric acid solution and stirred for 3 h. The polymer

precipitated out as a bluish green solid and was filtered using a buchner funnel. The polymer was
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purified by Soxhlet extraction sequentially with methanol, acetone, and hexane, respectively, and
subsequently extracted in hot chloroform for 3h. The chloroform was concentrated and precipitated
in 400 mL methanol to give BSS10 (Yield, 560 mg, 93 %).

Copolymer BSS20

It was synthesized by using similar procedure as mentioned above, starting with 4,9-Dibromo-2,7-
bis(2-octyldodecyl) benzo[Imn] [3,8] phenanthroline-1,3,6,8-tetraone (500 mg, 0.507 mmol), 5,5’-
bis(trimethylstannyl)-2,2 biselenophene (237 mg, 0.406 mmol), 2,5-bis (trimethylstannyl)-
selenophene (47 mg, 0.101mmol), Pd2(dba)s (20 mg, 3.5 mole%) and P(o-tolyl)s (32.5 mg). Yield,
520 mg, 95%).

Copolymer BSS50

It was synthesized by using similar procedure as mentioned above, starting with 4,9-Dibromo-2,7-
bis(2-octyldodecyl) benzo[Imn] [3,8] phenanthroline-1,3,6,8-tetraone (500 mg, 0.507 mmol), 5,5°-
bis(trimethylstannyl)-2,2 biselenophene (148 mg, 0.253 mmol), 2,5-bis (trimethylstannyl)-
selenophene (115 mg, 0.0.253mmol), Pdz(dba)s (20 mg, 3.5 mole%) and P(o-tolyl)s (32.5 mg).
Yield, 450 mg, 75%).

Characterizations. 'H NMR spectra were recorded on a Bruker AV500 at 500 MHz using
deuterated chloroform (CDClz3) as the solvent at 329 K. Size exclusion chromatography (SEC)
analysis was performed using EcoSEC High temperature GPC system (HLC-8321GPC/HT)
against polystyrene standards in chlorobenzene 1,2,3-trichlorobenzene at 120 °C (flow rate
ImL/min). Thermogravimetric analysis (TGA) of the polymers was conducted ona TA Instrument
model Q50TGA. A heating rate of 10 °C /min under a flow of N2 was used with runs conducted
from room temperature to 850 °C. Differential scanning calorimetry (DSC) analysis was

performed on a TA Instruments Q100 under N2 by scanning from -10 °C to 370 °C at a heating
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rate and cooling rate of 10 °C /min. Optical absorption spectra of polymers were measured on a
PerkinElmer model Lambda 900 UV-vis/near-IR spectrophotometer. Solution and solid-state
absorption spectra were obtained from dilute (10 M) polymer solution in chloroform and as thin
films on glass substrate, respectively. Thin films were spin coated from 20 mg/mL solutions in
chlorobenzene. Photoluminescence (PL) measurements were carried out with a Photon
Technology International (PTI) Inc. model QM2001-4 spectrofluorimeter using xenon flash lamp
as the light source.

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 electrode. Silver/silver ion (Ag in 0.1 M
AgNOs solution) was used as a reference electrode. The films of the random copolymer were
coated onto the Pt wires by dipping the wires into copolymer solutions in chloroform for then
drying the coated films at 25 °C. All the CV measurements were carried out in 0.1 M
tetrabutylammonium hexafluorophosphate (BusNPFs) 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. LUMO energy levels were estimated using ferrocene value
of -4.8 eV with respect to the vacuum level. The LUMO and HOMO levels were determined by
using equation® ELumo = -(eEred®™ + 4.8) and Enomo = -(eEox®™+4.8), respectively.

X-ray Diffraction (XRD) Analysis. XRD patterns were collected on a Bruker D8 Discover
Microfocus diffractometer with Cu K-o beam (1.54 A) as the X-ray source. Neat films of random
copolymers and reference PNDIBS were prepared by drop-casting of highly concentrated solutions
(20 mg/mL) in chlorobenzene onto glass substrates and followed by annealing on a hot plate at

130 °C for 10 min. XRD patterns were recorded using /26 scans, the incident beam passed through
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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 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.

AFM Imaging. Atomic force microscopy (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.

2D-GIWAXS.

Grazing incidence X-ray scattering (GIWAXS) experiments were conducted at the Japan
Synchrotron Radiation Facility SPring-8 by using the beamlines BL46XU and BL19B2. Thin-film
samples of the neat acceptor polymers (BSSx) and donor polymer PBDB-T were respectively spin-
coated on the top of glass substrates and annealed at 175 °C for 10 min, and the binary blend films
were prepared in the same manner as the actual all-PSC devices on ZnO-coated ITO substrates.
The X-ray beam was monochromatized by a double-crystal Si (111) monochromator and the X-
ray energy in this experiment was 12.40 keV (4 = 0.1 nm). The angle of incident X-ray to sample
surface was 0.12° with a Huber diffractometer. The scattered profile from the film sample was
detected using an area detector (PILATUS 300K) for 1 s at room temperature, and the distance
between the sample and detector was 174.0 mm. The crystal coherence length (L) of samples were

analyzed by using the Scherrer equation: |c=27K /Aq; Where K is a shape factor (typically 0.89)

and Aq is the full width at half maxima (FWHM) of the diffraction peak. Here, the Lc % was

obtained from the FWHM of the (100) diffraction peak in the-plane (gxy) line cut.
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Fabrication and characterization of Polymer Solar Cells.

All-polymer  solar  cells were fabricated with an inverted structure  of
ITO/ZnO/PEI/Blend/MoQ3s/Ag. ITO-coated substrates (15 Q [, Shanghai B. Tree Tech,
Shanghai, China) were cleaned sequentially in ultrasonic baths with acetone and isopropyl alcohol
for 15 min, dried using nitrogen gas and followed by 90 s of O2 plasma cleaning. The ZnO
precursor solution was spin-coated onto the ITO substrates at 5000 rpm for 40 s, followed by
thermal annealing at 250 °C for 30 min to make ~30 nm thick ZnO layer. A 0.05 wt% solution of
polyethylenimine (PEI, Mw =~ 25 000, Aldrich 408727) in 2-methoxyethanol was spin-coated onto
the ZnO layer and dried at 110 °C for 10 min. The solution for each PBDB-T:BSSx blend (1:0.6
w/w) was prepared in chlorobenzene, mixed and stirred overnight at 80 °C in the glove box. The
blend solution was spin-coated at 1000 rpm for 50 s, followed by thermal annealing at 175 °C for
10 min in the glove box. All the active layers had a thickness of 100 £ 10 nm. MoOs3 (0.5 nm) and
Ag (100 nm) were thermally deposited onto the active layer. Each substrate contained four devices,
each with an active area of 3 mm2. After evaporation of the anode, the photovoltaic cells were
tested under AM 1.5G solar illumination at 100 mW c¢m in ambient air by using a solar simulator
(Model 16S, Solar Light Co., Philadelphia, PA) with a 200W Xenon Lamp Power Supply (Model
XPS 200, Solar Light Co., Philadelphia, PA) calibrated by 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-V measurement, the external quantum efficiency
(EQE) was measured by using a solar cell quantum efficiency measurement system (Model
QEX10, PV Measurements, Inc., Boulder, CO) with a2 mm (2 mm x 1 mm) size masked incident
light source and TF Mini Super measurement apparatus for multiple devices in a single substrate.

The EQE system was calibrated with a Si photodiode before measurement.
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SCLC Device Fabrication

Current-voltage (J-V) characteristics of the SCLC devices were measured by using a HP4155A
semiconductor parameter analyzer (Yokogawa Hewlett-Packard, Tokyo). The carrier mobility was
deduced by fitting the J-V curves to the Mott—Gurney equation where J is the current density, &o
is the permittivity of free space, ¢ is the relative permittivity, u is the zero-field mobility, V is the
applied voltage, d is the thickness of the active layer. J :%ggoﬂ\(% The SCLC device
structures for electron only and hole only were ITO/ZnO/PEl/blend/LiF (2nm)/Al (100nm) and
ITO/PEDOT:PSS/blends/MoO3z (7.5nm)/Ag (100nm), respectively. Each active layer, which was
comprised of chlorobenzene solutions of PBDB-T and acceptor polymers (BSSx) at D/A ratio of
1 to 0.6, was spin-coated at 1000 rpm for 50s and followed by thermal annealing at 175°C for 10

min inside the glovebox. All active layers had a thickness of 175 + 10 nm.

3.3 RESULTS AND DISCUSSIONS

A novel series of electron deficient (n-type) random copolymers (BSSx) were synthesized
by Stille coupling polymerization of electron-accepting 4,9-dibromo-2,7-bis(2-octyldodecyl)-
benzo[Imn] [3,8]-phenanthroline-1,3,6,8-tetraone with two electron-donating monomers, 5,5’-
bis(trimethylstannyl)-2,2’selenophene and 2,5-bis(trimethylstannyl)-selenophene. The required
monomers for polymerization were synthesized and purified by following our previously reported
procedures.?® 2440 Random copolymers showed excellent solubility in common organic solvents,
including chloroform, chlorobenzene, and dichlorobenzene at room temperature. The molecular
structure of the copolymer was confirmed by *H NMR spectra (Figure S1a, b, and c), all the spectra
were recorded in CDCls (5-6 mg/mL) at 329 K. Similar to *H NMR spectra reported for BSSO
polymer in our previous work,*® copolymer BSS10 shows peak at 8.87-8.57 ppm for NDI (Figure

Sla) and 7.40-7.52 ppm for biselenophene aromatic protons, while there is no detectable separate
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peak was observed for NDI/selenophene backbone. In contrast, the copolymer BSS20 and BSS50

which has higher incorporation of selenophene unit, shows separate peaks for NDI/selenophene
backbone (NDI at ~ 9.00 ppm and selenophene at ~7.65 ppm) in addition to the peaks for NDI-

biselenophene, confirming the incorporation selenophene in random copolymer backbone.

Table 3. Molecular Weight, Optical Properties, and Decomposition Temperature of BSSx

copolymers.
Polymer Ma(kDa) D Amax (NM) 2 Amax (NM)®  Eg®'  T4(C) AHm
(log e Mtcm™) (eV) (J/9)
BSSO 28.4 2.88 392, 695 (4.36) 393, 720 1.40 396 4.20

BSS10 41.7 2.82 388,675 (4.41) 393,703 145 406 231
BSS20 33.2 254 386, 659 (4.28) 392,698 146 386 -
BSS50 - - 384, 615 (4.14) 387,668 150 388 1.26

3 Absorption maximum in dilute chloroform solution. ® Thin-film absorption maximum.

The molecular weight and polydispersity index (D) of the BSSx copolymers were measured
by gel permeation chromatography (GPC) in 1,2,3-trichlorobenzene solvent at 120 °C using
polystyrene as standards. As depicted in Table3, BSSx copolymers had a number-average
molecular weight (M) in the range of 28.4-41.7 kDa with a polydispersity (D) of 2.54-2.88. It is
to be noted that BSSO reference sample utilized in the present study was previously synthesized in
our lab and had My (28.4 kDa) and D (2.88). The slightly higher M, of random copolymers was
attributed to the improved solubility. Overall, the incorporation of selenophene has a small effect
on the molecular weights of resulting polymers; therefore, it is worth to use BSSO sample to
compare with the all-PSCs performance of new random copolymers.

Thermogravimetric analysis (TGA) of BSSx copolymers showed good thermal stability

with onset decomposition temperature (Tq) of over 385 °C (Table 3) under nitrogen flow (Figure
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S2). Differential scanning colorimetry (DSC) analysis was carried out to determine the thermal
transitions and crystalline/amorphous nature of random copolymers. The second heating and
cooling curves of BSSx copolymers are shown in Figure S3. The BSSO, BSS10, and BSS50
random copolymer showed a significantly broad melting transition (Tm) during heating and
crystallization transition (Tc) during the cooling cycle. Meanwhile, both the Ty and T. of BSS20
were not detectable by DSC. The BSS0 showed higher Trm (316 °C) than the BSS10 (Tm =298 °C)
and BSS50 (Tm = 235 °C) which evinces that the incorporation of selenophene unit resulted in the
reduced planarity or/rigidity and chain stacking in the random copolymer. Also, BSS10 and BSS50
showed lower melting enthalpy AHm (2.31 J/g) and AHm (1.26 J/g), respectively as compared to
BSS0 (AHm = 4.20 J/g) indicating that the crystallinity of random copolymers is reduced due to
increased backbone disorder. Overall, the thermal properties confirm the more flexible and less
crystalline nature of the random copolymers as compared to reference BSSO which is highly
desirable to achieve a miscible blend with donor polymers; thereby the suitable nanoscale phase

separated D/A morphology in all-PSCs.? 3
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Figure 7. Thin film optical absorption spectra (a) and HOMO/LUMO energy levels (b) of donor

and acceptor copolymers.
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The optical absorption properties of new random copolymers were characterized by UV-
vis-near IR absorption spectroscopy of dilute (10° M) chloroform solution (FigureS4) and thin
films on a glass substrate (Figure 7a). The spectra for reference BSSO was also recorded at similar
conditions. Similar to reported for other well-known NDI polymers® 2 the chloroform solution
of BSSx copolymers showed two distinct absorption bands at 300-450 nm and 500-850 nm, which
was assigned to n-7t* or n-rt* transition of NDI moiety and an intramolecular charge transfer (ICT)
band, respectively. Reference sample BSSO showed absorption maxima at 392 nm and 695 nm.
After introducing the selenophene moiety, the ICT band is blue-shifted in random copolymers and
observed at 675 nm in BSS10, at 659 nm in BSS20, and at 614 nm in BSS50.

Thin film absorption spectra are much similar to solution spectra, except the low energy
(ICT) bands are red-shifted due to the increased conjugation and intermolecular interaction in the
solid state. The reference BSSO showed ICT band at 720 nm, which is shifted to 703 in BSS10, to
698 nm in BSS20, and to 668 nm in BSSO. The observed blue-shifting of ICT band in the solid
state indicates that the chain planarity or/and rigidity is decreased in random copolymers due to
the induced disorder by selenophene unit. The optical band gap (E¢°) of the new random
copolymer was determined from the onset absorption band edge of thin film spectra. E¢°" value is
increased from 1.40 eV in reference BSSO to 1.45 eV in BSS10 and BSS20 and to 1.50 eV in
BSS50. We measured optical absorption for a thin film of donor polymer PBDB-T (Figure 7a),
and the spectra showed strong absorption band in the visible region (at 450-700 nm) with
absorption maxima at 600 nm and E¢°"* of 1.80 eV. The absorption profile of PBDB-T is perfectly
complementary with the absorption bands of new random copolymers, also the PBDB-T:BSSx

blend showed broad absorption bands in the region from 300 to 900 nm (Figure S5). The broad



50

and complementary absorption of D/A blend film is desirable for improving the light harvesting
and therefore enhancing the photocurrent density (Jsc) of all-PSCs.!

The electronic structure of BSSx copolymers was investigated by carrying out the cyclic
voltammetry (CV) on the thin films of the copolymer (Figure S4). The ferrocene/ferrocenium
(Fc/Fc™) redox couple was used as an internal standard by assigning absolute energy level of -4.8
eV versus vacuum level.*! The observed onset reduction potentials of the copolymers from CV
was used to determine the LUMO energy levels (LUMO = -(e Ered ™ (V vs Fc/Fc*) + 4.8 eV)),
similarly the oxidation potential was used to determine the HOMO energy levels (HOMO = -(e
Eoxd °™* (V vs Fc/Fc*) + 4.8 eV)). As shown in Figure 7b, all the polymers showed almost similar
LUMO values in the range of -3.90-3.98 eV, suggesting that selenophene incorporation has a
negligible effect on the electron-accepting strength of random copolymers. Except for BSS50, all
the polymers showed identical HOMO level -5.83 eV. The CV scan of BSS50 did not show an
oxidation peak up to 2 V, may be due to weak electron donating nature of copolymer. Thus, similar
to reported in our prior work®, we assume the HOMO energy level of BSSO to be either at or lower
lying than -6.0 eV. The literature reported HOMO and LUMO energy level of donor polymer
PBDB-T is -5.33 V/-3.53 V, respectively.*? These HOMO/LUMO energy levels provide sufficient
energy offsets (> 0.3 eV) with each of BSSx copolymer acceptors and satisfying the prerequisite
for efficient photoinduced electron transfer and hole transfer required for the photovoltaic device.

Wide-angle X-ray (XRD) measurement was performed on thermally annealed (130 °C for
10 min) drop-casted films of polymers on a glass substrate to characterize the molecular packing
and bulk crystalline behavior of new random copolymers as a neat film. The corresponding XRD
patterns are shown in Figure S7. XRD patterns of reference BSSO sample showed an intense

lamellar ordering (100) peak at 20 = 3.72° and a chain stacking peak (010) peak at 20 = 22.70°
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that corresponds to lamellar packing distance of 23.70 A and a n-n stacking distance of 3.90 A.

For random copolymers, the lamellar (100) peak intensity and peak order were found to decrease
at similar film processing conditions. The lamellar (100) peak was observed at 3.73° for BSS10,
at 3.70° for BSS20, and at 3.75° for BSS50 that corresponds to the lamellar packing distances of
23.62 A, 23.85 A, 23.53 A respectively. The n-n stacking distance was found to increase
progressively from 3.90 A in reference BSSO to 3.95 A in BSS10, to 3.98 A in BSS20, and to 4.02
A in BSS50, noticeably the m-m stacking (010) peak for BSS20 and BSS50 has become
significantly broad. The increased stacking distance in the random copolymer was accounted for

by the reduced backbone planarity due to the incorporation of selenophene.
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Figure 8. Current density (Js)-Voltage (V) characteristics (a) EQE spectra (b) for optimal PBDB-
T:BSSx all-polymer solar cells. All the blend of active layers were thermally annealed at 175 °C
for 10 min.

The photovoltaic properties of new random copolymers (BSSx) as electron acceptor
component and PBDB-T as electron donor component were investigated by fabricating and
evaluating the all-PSC device with the inverted structure: ITO/ZnO/PEI/blend/MoO3/Ag, where

polyethyleneimine (PEI) is a cathode interface layer.** The photovoltaic device measurements
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were carried out under solar illumination of AM 1.5G simulated solar light at 200 mW/cm?. The
PBDB-T:BSSx all-polymer blend active layer were prepared under optimized conditions of blend
ratio 1:0.6 (wt:wt), spin coating from chlorobenzene solution, and thermal annealing at 175 °C for
10 min without using any solvent additives or special post-processing treatment. All-PSC devices
of reference PBDB-T:BSSO blend also fabricated under similar conditions for comparison
purpose. The current density-voltage (J-V) curves and the external quantum efficiency (EQE)
spectra of all-PSC devices are given in Figure 8a and 8b respectively. The all-PSC device
parameters, including the short-circuit current density (Jsc), the open-circuit voltage (Voc), and fill

factor (FF), and PCE, are summarized in Table 4.

Table 4. Photovoltaic Properties of Thermally Annealed (175 °C for 10 min) PBDB-T:BSSx (1:0.6
wt/wt) Blend Solar Cells.

polymer Ji (mA/cm?) Voc (V) FF  PCEmax (%) PCEave (%)?

BSSO 16.87 0.82 045 6.83 6.27 (£0.24)
BSS10 20.02 0.86 0.52 9.49 8.96 (£0.27)
BSS20 19.70 0.86 0.54 9.58 9.14 (+0.26)
BSS50 14.19 0.86 0.58 7.51 7.14 (£0.30)

% Average PCE values obtained from 15 or more separate devices.

The reference PBDB-T:BSSO solar cell devices showed a maximum PCE of 6.83% with
Jsc of 16.87 mA/cm?, Vo of 0.82, and FF 0.45. This performance is in good agreement with our
previously reported all-PSC with similar blend active layer and under thermal annealing condition.
Compared to the reference PBDB-T:BSSO blend, the optimized all-PSC devices of random
copolymers blends: PBDB-T:BSS10 and PBDB-T:BSS20, exhibited significantly enhanced

photovoltaic performance. The PCE of 9.49% has been observed for BSS10 with Jsc of 20.02



53
mA/cm?, Vo of 0.86, FF 0.52. The PCE was further increased up to 9.58% in BSS20 with Js; of

19.70 mA/cm?, Vo of 0.86, FF 0.54. The PCE enhancement was observed due to the overall
improvement in the photovoltaic parameters (Jsc, Voc, and FF), while photocurrent (Jsc) was much
improved for both the copolymers. A device performance of PBDB-T:BSS50 blend was
significantly lower as compared to the BSS10, and BSS20 with the maximum PCE of 7.50% (Jsc
of 14.19 mA/cm?, Vo of 0.86, FF 0.58) was seen, this performance is still higher than reference
blend device. The observed lower PCE value for BSS50 relative to the other random copolymers
strongly suggests that further increase in the ratio of selenophene may not be helpful to improve
the device performance; therefore, BSS10 and BBS20 are considered as optimum compositions.
Overall, a higher photocurrent (Js¢) and FF value observed in BSSx blend device as compared to
the reference sample indicates that random copolymers produce more compatible donor:acceptor
blend due to their more flexible backbone.

It is well known that the use solvent additives and/or different post-processing treatments
are beneficial to realize an optimum thin film morphology and high efficiency in PSCs.** %> To
test this fact, we systematically fabricated the solar cell devices of BSSx copolymers under
different processing conditions, including drying of the active layer at room temperature, vacuum
drying, thermal annealing at different temperature and use of processing additives. Representative
J-V curves are depicted in Figure S8-S11, and the photovoltaic parameters are summarized in the
Table S1-S4. Room temperature drying (25 °C) in either slow or fast rate as well as utilizing
different processing additives (DPE, ODT, CN, and DIO) were found to be detrimental (or not
much helpful) to the devices performance. Instead, simple thermal annealing at 175 °C for 10 min
appeared to be the most effective technique to achieve optimized all-PSC devices for the random

copolymer. We note that all recently reported random copolymer acceptor needs the extensive help
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of solvent additives and/or tedious processing treatment to realize optimum thin film
morphology.?* 273132 |n stark contrast, the morphology optimization of all-PSC in BSSx random
copolymer is achieved without using solvent additives and with relatively simple processing
technique.

We screened a wide range of annealing temperatures (80-230 °C) to further investigate the
thermal stability of BSS10 and BSS20-based all-PSC devices. As shown in Table S3, BSS10-
based devices exhibited relatively stable Vo values within ranges of 0.85-0.87 V. FF of devices
were decreased slightly from 0.56 at 80°C to 0.52 at 175°C and then remains stable at a higher
temperature (up to 200 °C). Although the FF is reduced from 80°C to 175°C, it is compensated by
a significant enhancement in the photocurrent (Js¢) from 17.23 mA/cm? to 20.08 mA/cm?,
respectively, leading to an overall increase in the all-PSC device performance at 175°C. In the case
of BSS20-based devices, the Vo values (0.86) are quite stable up to 200°C (Table S4). FF of the
device was reduced only from 0.55 at 80°C to 0.53 at 175°C, nonetheless again increased to 0.55
at 200 °C. Photocurrent (Jsc) was increased significantly from 17.55 mA/cm? at 80°C to 20.39
mA/cm? at 175°C and again decreased to 17.11 mA/cm? at 200°C. We note that even after thermal
annealing at high temperature (200 °C), the overall PCE of BSS20-based devices is only decreased
from 8.34% at 80 °C and 9.58% at 175 °C to 8.27% at 200 °C with the PCE loss ratio of ~1% and
~14% respectively. These results are pointing towards the excellent thermal stability of BSS20-
based all-PSCs. To the best of our knowledge, the stable performance at high annealing
temperature without using a solvent additive is not reported so far for random copolymers
acceptor-based all-PSCs.

The EQE spectra of the optimum PBDB-T:BSSx blend devices are shown in Figure 8b.

Copolymer BSS0, BSS10, and BSS20 blends exhibited photoresponse from a near infrared region
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at around 885 nm which corresponds to the onset absorption of acceptor polymers to the ultraviolet
region at approximately 300 nm. For BBS50, the photoresponse starts from 830 nm which is
consistent with its thin film absorption spectra that exhibited a wider optical band gap (1.5 eV). A
strong complementary absorption spectrum between donor and acceptor benefitted to the efficient
photoinduced charge transfer processes in all the copolymer blends. Specifically, photoinduced
electron transfer originating from PBDB-T donor polymer prevails in 450 — 650 nm region while
photoinduced hole transfer stemming from acceptor polymers (BSSx) dominates in 350 — 450 nm
and 680 — 850 nm. Although the EQE curve pattern is similar for all copolymers, the BSS10 and
BSS20 blends have higher EQE than the BSSO and BSS50 with the peak EQE values of about ~
70% in the 500-650 nm region. This enhanced photoresponse of BSS10 and BSS20 copolymer
blends corroborates the observed higher Jsc values in solar cells performance. The photocurrent
obtained by integrating the EQE curves are lower than the Jsc measured from J-V curves with a
mismatch within 15-30%. This large mismatch could be due to the synergic effect of the spectral
mismatch between the simulated light source and the AM1.5 G solar spectrum as well as the lower
absorption coefficient of these copolymers in the near-infrared region.

We note a few important outcomes of the present photovoltaic study. First we designed
and developed for the first-time new series of electron accepting random copolymers for efficient
all-PSCs. Second, the high-performance all-PSC devices are obtained by using relatively simple
device fabrication process without using any solvent additives and/or additional post-processing
treatments, which is beneficial for manufacturing all-PSCs by throughout the fabrication process.
Third, the blend active layer morphology exhibited good thermal stability at high temperature,
suggesting the thermal and mechanical robustness of random copolymer-based all-PSC for

practical operation. Fourth, the photocurrent (20.02 mA/cm?) and PCE (9.6%) observed in inverted
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PBDB-T:BSSx blend devices are the highest observed so far for all-PSC based on the random

copolymer acceptors.
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Figure 9. (a) Jpon-Verr curves (b) PL spectra (600 nm excitation) of neat PBDB-T donor film and
blend film. (c) Jsc dependence on light intensity for all-PSCs based on PBDB-T:BSSx blends (1:0.6

wt/wt).

To evaluate the photoinduced charge carrier generation and charge collection behavior in
BSSx:PBDB-T blend devices, we analyzed the photocurrent density Jpn (Joh = JL — Jp) versus
effective voltage Verr (Verr = Vi — Va) curves (Figure 9a), where J_ and Jp are the current densities
under illumination, and dark conditions, respectively, and Vy; is the built-in-voltage or voltage
when Jon = 0 and V, is the applied voltage. For all copolymers, Jpn saturates at high Vet values of
about 2V, resulting in a saturation photocurrent density (Jsa) of 23 mA/cm? in both BSS10 and
BSS20-based devices, 16.7 mA/cm? in the BSS50 device, and 19 mA/cm? in BSSO device. It can
be concluded that the effective voltage is large enough to extract nearly all photogenerated free
charges to the electrode at a saturation point.*® Therefore, the Gmax Which represents a maximum
photoinduced carrier generation rate can be estimated from the Jsat: (Gmax = Jsat/ g.L), where q is
the elementary charge and L is active layer thickness. Among the all-PSCs, copolymer BSS10 and

BSS20 device showed highest value for Gmax 15.0 x10?” m3 st and 15.5 x10%” m2s?, respectively,
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while the BSS50 and BSSO0 device yielded lower Gmax values of 11.3 x10%” m= s and 10.9 x10%’

m= s, respectively. The observed high Gmax values imply that more efficient light absorption and
exciton dissociation occurs in BSS10 and BSS20-based all-PSCs as compared other copolymer
devices which are attributed to the enhanced thin-film UV-visible absorption of BSS10 and
BSS20. These results further give supports to the observed increased Jsc for BSS10 and BSS20
devices than BSS50 and BSSO devices. Next, we investigated the charge collection capacity of
these blend devices by calculating the charge collection probability P (E, T) under short circuit
condition. A higher value of P (E, T), 90.4% and 93.5% have been estimated for BSS10 and
BSS20, respectively as compared to 89.3% in BSS0 and 84.8% in BSS50, which suggests that the
charge collection process is more efficient in BSS10 and BSS20-based devices.

We also carried out the photoluminescence (PL) experiment to further understand the
exciton dissociation and charge transfer in the PBDB-T:BSSx solar cell devices. The PL spectra
of pristine PBDB-T thin film and after blending with the BSSx (1:0.6 wt/wt) copolymers are shown
in Figure 9b. The donor polymer PBDB-T exhibits a broad PL spectrum which extends from 625
nm to 860 nm with a peak maximum at 690 nm. As compared to PBDB-T, the intensity of PL
spectra of blend films is drastically decreased with relative quenching efficiency of 97% in BSS20,
96% in BSS10, 94% in BSS50, and 95% in BSSO. The strong quenching of PL spectra suggests
that the photoinduced charge transfer is highly efficient in all copolymer-based devices. However,
the slightly higher quenching of PL spectra in BBS10 and BSS20 blends as compared to BSS50
and BSSO indicates that the BSS10 and BSS20 blend devices must have a highly interpenetrating
polymer/polymer blend morphology with small phase-separated domains that enabled efficient

exciton dissociation.
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To gain insights into the charge recombination kinetics of the random copolymers all-PSC
devices, we measure their current density (Jsc) as a function of an illumination intensity (Piight). AS
demonstrated in Figure 9c that the Jsc follows the expected power-law dependence on Piight (Jsc &
(Piight)*), where linearity (o= 1) indicates weak carrier losses due to bimolecular recombination.*’
The slope of the fitted line in the Jsc-Piignt plots gives rise to a value of 0.87 for reference BSSO
blend devices. Relative to the reference BSS0, random copolymer devices show higher a values
of 0.93 in BSS10, 0.97 in BSS20, and 1.00 in BSS50, which indicates that the random copolymer-
based devices have weak losses due to the bimolecular recombination as compared to BSSO0. The
higher a values further corroborate with the observed high FF values (0.52-0.58) in random
copolymer-based devices than the reference PBDB-T:BSSO blend device (0.45). Particularly,
BSS50 copolymer with a values of 1 exhibited the highest FF of 0.58 in this series of the random

copolymer.

Table 5. SCLC Charge Carrier Mobilities for Neat Film of Acceptor Polymers and in the Blends
(PBDB-T:BSSx) Annealed at 175 °C for 10 min.

Polymer He Uh Wh/ de
(cm?V!ls 1)y (em?V's?h)

BSS0 3.49x 107 - -

BSS10 1.60 x 10 - -

BSS20 2.42x10* - -

BSS50 535x 103 - -
PBDB-T: BSSO  1.69x 10°  1.89x10%* 112
PBDB-T: BSS10 6.77x10°  533x10*  7.88
PBDB-T: BSS20 6.14x 10° 4.43x10% 7.21
PBDB-T: BSS50 2.18x10°  6.28x10°  2.88
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We examined the bulk charge carrier mobilities of the all-polymer blend films by using
space charge limited current (SCLC) measurement; the blend films were prepared under similar
conditions as used for solar cell devices. The free hole and electron mobilities were measured in
device configuration of (ITO/PEDOT:PSS/Active layer/MoOs/Ag) and (ITO/ZnO/PEI/Active
layer/LiF/Al), respectively. SCLC measurement of neat films of new copolymer acceptors was
also investigated to understand the effect of selenophene incorporation on the charge transport
properties of random copolymers. The J-V curve and SCLC fittings of the data are included in the
Figure S13 (for blend devices) and Figure S13 (for neat films), while the mobilities are summarized
in Table 5.

For a neat film of acceptor polymers, the reference BSSO showed electron mobility (pe) of
3.49 x 10° cm?/Vs. In contrast, the electron mobilities were significantly enhanced for BSS10 and
BSS20 copolymer with Ll increase about 5-fold in BSS10 ([e = 1.60 x 10 cm?/Vs) and 7-fold (He
=2.42x 10* cm?/Vs) in BSS20. For BSS50 the mobility was only slightly increased to (He = 5.35
x 10* ¢cm?/Vs). The observed high increase of the electron mobility indicates that random
copolymer has favorable face-on oriented molecular packing (discussed later in GIXRD section)
which leads to efficient electron transport. In the case of blend devices, overall the electron
mobilities are decreased than the neat films, nevertheless similar to the neat films in blend random
copolymers showed enhanced electron mobility. The electron mobilities increased from 1.69 x 10
> cm?/Vs in BSSO to 6.77 x 10° cm?/Vs in BSS10 to 6.14 x 10 cm?/Vs in BSS20, and to 2.18 x
10 cm?/Vs in BSS50. Similarly, the hole mobilities are also enhanced by 2.8-fold in BSS10 (5.33
x 10* cm?/Vs) and 2.3-fold in BSS20 (4.43 x 10* cm?/Vs) as compared to BSSO (1.89 x 10*
cm?/Vs) blend device, except the hole mobility is decreased to 6.28 x 10° cm?/Vs for BSS50. The

observed substantial increase of mobilities in random copolymer suggests that the PBDB-T:BSSx
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system have more favorable bulk morphology for efficient charge transport than the reference
BBSO0: PBDB-T blend.

We further analyze the (Un/e) ratio of mobility and observed that the reference BSSO blend
device has highest unbalanced mobilities (un/pe = 11.2). In contrast, random copolymers showed
more balanced charge transport with (pn/pe) of 7.88 in BSS10, 7.21 in BSS20, and 2.88 in BSS50.
We note that the balanced (un/Me) ratio and high charge carrier mobilities are highly desirable to
reduce the bimolecular recombination in solar cell devices; thereby maximize the photocurrent and
FF value.®" “ New random copolymer exhibits high electron and hole mobilities and more
balanced charge transport than the reference BBSO which agrees well with their observed high Js

and FF in all-PSCs. However, the (un/pe) ratio is still high in random copolymer blend devices

which is the reason for the overall lower FF.

Figure 10. AFM height (a, b, ¢, and d) and phase (d, e, f, and h) images (500 nm x 500 nm) of the
surfaces of PBDB-T:BSSx blend devices. The scale bars are 100 nm.
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We characterize the thin film surface morphology of PBDB-T:BSSx blend devices by

tapping-mode atomic force microscopy (AFM). The surface images of neat film of polymer
acceptors were also recorded for comparison purpose. AFM height and phase images of neat films
are shown in Figure S12. All copolymer acceptor showed identical densely packed granular
morphology. In the case of blend films, there are no striking differences observed in the
morphology of BSSO blend versus neat film. In contrast, random copolymer blends manifested
fiber like phase separated morphology (Figure 10). Moreover, the domain size of BSSO of
approximately 20 nm is slightly higher than that of other copolymers which average around 10-15
nm. For random copolymers, in the transition of neat to blend film, not only the morphological
pattern changed, but the surface roughness also is escalated deduced from increasing values of
RMS; 1.11 nm in neat film to 1.47 nm in blend film for BSS10, 1.03 nm in neat film to 1.74 nm
in blend film for BSS20, and 0.78 nm in neat film to 2.54 nm in blend film for BSS50 . On the
other hand, the RMS value for BSSO is closely similar for the neat film (0.90 nm) and blend (0.99
nm). Thus, from AFM analysis, we can infer that the random copolymers blends have highly
intermixed domains of donor and acceptor polymer with suppressed macroscopic phase separation
than the reference BSSO blend.

To investigate the influence of higher annealing temperature on the surface morphology of
PBDB-T:BSS10 and PBDB-T:BSS20 blend films, we recorded AFM images of blend films
annealed at 200 °C and 230 °C. As shown in Figure S15 both the PBDB-T:BSS10 and PBDB-
T:BSS20 blend showed fiber like phase separated morphology which is closely similar to the
morphology observed for blend films annealed at 175 °C. Moreover, the RMS values are only

slightly changed over different temperature (Table S5).
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Figure 11. (a) 2D-GIWAXS images of PBDB-T:BSSx blend films. Line cuts of GIWAXS patterns
(b) (red pattern: in-plane; violet pattern: out-of-the-plane).
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Thin film morphology of neat films of copolymers and their optimum blend with PBDB-
T donor polymer were characterized by 2D-Grazing incident wide-angle X-ray scattering (2D-
GIWAXS) measurements. 2D-GIWAXS pictures and line-cuts profile for neat copolymers and
their blends films are shown in Figure S16 and Figure 11, respectively. The neat film of reference
BSSO copolymer showed (100) diffuse ring with sharp (001) (200) peaks along in-plane (IP)
direction, and (100) (010) peak along the out-of-the-plane (OOP) direction. Such pattern in
GIWAXS could observe due to the rigid backbone of polymer likely oriented along in-plane.3? 4°
For copolymers, the (100) peak in IP direction was located at gxy = 0.25 Al which resembles to
the BSSO, however, interestingly the (001) peak at qxy = 0.44 A become diffused and less intense
in BSS10 and even disappeared completely in BSS20 and BSS50. Similarly, (200) peak at g; =

0.53 A as observed for BSSO in OOP direction become less intense or disappeared in random
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copolymers. The disappearance of few higher order lamellar peaks both in IP and OOP direction
suggest the substantial reduction in crystallinity along with a significant change in the molecular
orientations in the random copolymers. All random copolymers showed well defined (010)
reflection from nt-w stacking in OOP, and corresponding (100) reflection from lamellar stacking is
located (IP), without a diffuse ring. This kind of mirrored reflection between (100) and (010) is
typically observed due to the more face-on orientation of polymer relative to the substrate.*® The
crystal correlation length (CCL) determined from Scherrer equation analysis of (100) peak was
found to be decreased progressively from 17.4 nm in BSSO to 15.1 nm in BSS10, to 14.7 nm in
BSS20, and to 12.1 nm in BSS50 (Table S6). Our 2D-GIWAXS measurement on the donor PBDB-
T films agree well with a prior report, OOP (010) peak for n-n stacking is observed at g, = 1.68 A"
! and the lamellar peak (100) at gxy = 0.28 A is located in the IP cut.*® The calculated (Lc) value
for PBDB-T is 5.5 nm, which is ideal as a component to be paired with a more crystalline one in
all-PSC.%

Blend film of random copolymers showed broad (100) peak at gxy = 0.27 A in IP direction
and the (010) peak at g, = 1.69 A in OPP direction (Figure 11). The (100) peak observed at g, =
0.31 Alin OOP direction is broadened, weaken in intensity, and shifted to a higher q value as
compared to their neat films (g = 0.28 A™). These observations altogether imply that the
crystallinity of random copolymers is decreased in blend film, while face-on molecular orientation
has significantly improved. In contrast, the reference BSSO polymer showed some edge-on
orientated chains on the substrate as suggested by the appearance of (200) peak in OOP direction,
which also indicates more crystalline nature and less miscibility of BSSO chains in the blend as
compared to new random copolymers. The (100) peak is for donor and acceptor is overlapped in

blend which makes it difficult to estimate the CCL values of each component, nonetheless overall
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CCL values were smaller (BSS10 = 6.4 nm, BSS20 = 6.0 nm, BSS50 = 6.8, and BSSO = 6.7 nm)

than observed in the neat films of acceptor copolymer, suggesting that crystalline domain size is
much reduced in the blend. Overall, the 2D-GIWAXS results show that the molecular disorder
created in random copolymer due to selenophene incorporation has been noticeably beneficial in
improving the nanomorphology of all-PSC blends. As compared to reference high crystalline
BSSO0 polymer, the random copolymer with less crystalline nature showed favorable morphology
with improved face-on molecular orientation, small crystalline domain sizes, enhanced
donor/acceptor mixing in blend film, which correlates well with the observed high photocurrent

and FF of random copolymer all-PSCs.

3.4 CONCLUSIONS

We have synthesized a series of new semiconducting random copolymers (BSSx) by
introducing different mole percentage of selenophene into n-type NDI-biselenophene (BSS0)
polymer backbone. The resulting copolymers were characterized for their thermal, optical,
electrochemical, and bulk charge transport properties and evaluated as an electron acceptor in all-
PSCs. Thin-film of BSS10 and BSS20 copolymers having 10% and 20% selenophene unit,
respectively showed enhanced ICT absorption, reduced crystallinity, and higher bulk electron
mobilities. Moreover, when combined with PBDB-T donor polymer they form a miscible blend
with reduced domain sizes, favorable morphology with improved face-on orientations, and
symmetric charge transport. As results, both BSS10 and BSS20 all-PSC devices exhibited higher
PCE of 9.5% and 9.6%, respectively with higher photocurrent (20.02 mA/cm? and 19.70 mA/cm?)
which are among the best observed for all-PSC. More importantly, these high performing all-PSCs
are fabricated without using any solvent additives or/and additional post-processing treatments,

revealing the facile all-PSC morphology optimization with random copolymers. Furthermore,
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BSS20-based all-PSC devices showed good thermal stability with ~ 99% (at 80 °C) of initial PCE

was maintained after thermal annealing at 200 °C. Our work demonstrates that new random
copolymers are promising alternatives to the current n-type polymers in term of PCE, while the
new copolymer acceptor additionally offers solvent additive free thermally stable all-PSCs which
will make the future device fabrication process more simple and scalable for practical application

of all-PSCs.
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Chapter 4. ENGINEERING THE CATHODE INTERFACE TO

ENHANCE THE PERFORMANCE OF ALL-
POLYMER SOLAR CELLS

4.1 INTRODUCTION

Interfacial engineering has contributed to the compelling advances in the performance of
organic electronics.'® In particular, this strategy has significantly developed the performance of
all-polymer solar cells (all-PSCs), which have attracted great attention for enhanced light
absorption, lightweight, flexibility, the possibility of large-scale roll-to-roll printing at low cost as
next-generation light harvesting technology.*® By insertion of interlayers, the device can have
benefits of better device stability from the penetration of water and oxygen, altering work function
by the formation of a dipole moment for ohmic contact, energy level alignment establishing Fermi
level pinning, selective blocking of hole and electron for efficient charge transport, passivation
charge-trap sites, enhancing light absorption as optical spacer, and protection active layer from
the metal ion diffusion during the thermal evaporation, resulting in improved device
performance.l*1* In the way of the insertion of interlayers between the active layer and each
electrode, many materials such as metal salts, metal-oxide, organic materials have been applied
and based on material properties and one’s research purpose, either solution process or thermal
evaporation have been selected. 11 However, ultimately solution process as compared to thermal
evaporation of metal, which requires a lot of cost and energy, will be preferred in the aspects of

processing cost and steps.

In conventional device structure, various research has been carried out for new electron-

transport layers (ETLs) as cathode buffer layer, while PEDOT:PSS has been dominant hole
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transport layer due to their appropriate work function, good transparency, high conductivity, and
commercialization.®®!* Instead of LiF which requires thermal evaporation method, PFN and their
derivatives as water/alcohol soluble conjugated polymers have been widely used for solution
processed ETLs for all-PSCs as the success has been proved in polymer light emitting diodes
(PLEDs) for facilitating charge injection.’>" Likewise, there have also been some studies for
organic photovoltaic cells with small-molecule ELTs of BCP and BPhen by thermal evaporation
or forming a hybrid cathode with the inorganic semiconductor in PCBM system.*8-2! High electron
mobility, deep HOMO, and transparency in the visible range of BCP and BPhen as ETLSs facilitate
the improvement of PLEDs. 222> Moreover, our lab has reported the various solution-processed

ETLs with high-performance PLEDs.?%

In this Chapter, | report a comparative study for the first time that 4,7-Diphenyl-1,10-
phenanthroline (BPhen), 1,3-Bis[3,5-di(pyridin-3-yl)phenyl]benzene (BmPyPhB), and 1,3,5-
Tri[(3-pyridyl)-phen-3-yl]benzene (TmPyPB) can be used as solution processed ETLS via simple
spin-coating in all-PSCs. To evaluate the effects of solution-processed new-ETLs (BPhen,
BmPyPhB, and TmPyPB), we systematically investigated a series of cathode case with Al, LiF/Al,
Formic Acid(FA)/Al, PFEN-Br/Al, BPhen/Al of all-PSCs. Besides, we further studied the cases of
doped electron transport materials (ETMSs) with alkali metal salt (Cs.CO3) for BPhen, BmPyPhB,
and TmPyPB ETLs. We observed new-ETLs improved the short-circuit current (Jsc) as compared
to Al, LiF/Al, and PFN-Br/Al with stable open circuit voltage (Voc) of 0.85, but with a reduced fill
factor (FF) of 0.48. We also found that the formic acid solution used as a solvent for new-ETLs
could penetrate the active layer without any damage and dope the PEDOT:PSS. This results can
be reflected in the case of FA/AI study, showing improved short-circuit current by comparison

with Al, LiF/Al, and PFN-Br/Al cases. While high conductive and deep HOMO of new-ETLs and
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doped PEDOT:PSS from the interaction of formic acid solution can enhance the photocurrent, the
low fill factor of all-PSCs was caused.?®-2 The low fill factors of each new-ETL were also exposed
in the charge collection probability calculation, and the short-circuit current density as a function
of illumination intensity analysis. The surface morphologies of each ETL were studied by atomic
force microscopy (AFM) imaging, and we found the trend of being reduced RMS with new-ETLs,
which can help to make better contact with the Al electrode. Although new-ETLs processed by
BPhen, BmPyPhB, and TmPyPB showed remarkable improvement for photocurrent, still it
requires further detail studies. However, we believe it is worth trying new solution processable

ETLs to develop efficient ETLs and improve the all-PSCs.

4.2 EXPERIMENT SECTION

Materials. The donor polymer PBDB-T (Mn = 62 kDa, B = 1.90) was purchased from Brilliant
Matters Organic electronics (Quebec, Canada) and was used as received. The Acceptor polymer
BSS10 was synthesized in our Lab. 4,7-diphenyl-1,10-phenanthroline (BPhen, 99%, sublimed
grade), cesium carbonate (Cs 2 CO 3, 99.9% trace metals basis), chlorobenzene (anhydrous,
99.8%) were purchased from Sigma-Aldrich Co. 1,3,5-Tris(m-pyrid-3-yl-phenyl)benzene
(TmPyPB), and 1,3-bis(3,5-di(pyridine-3-yl)phenyl)benzene (BmPyPB) were purchased from
Luminescence Technology (LumTec) Co., Taiwan. Formic acid, 88% (Certified ACS) was
purchased from Fisher Chemical. PFN-Br was obtained from Alex Jen group, the University of
Washington, WA, United Stated of America. A solution of PEDOT:PSS (poly-
(ethylenedioxythiophene):polystyrenesulfonate, Heraeus Clevios™ Al 4083) dispersed in water
was purchased from Ossila, United Kingdom. All purchased chemicals were used as received

without further purification.
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Fabrication and characterization of all-Polymer Solar Cells. All-polymer solar cells were
fabricated with a conventional structure of ITO/PEDOT:PSS/Blend/ETLSs/Al. 1TO-coated
substrates (15 /o, Shanghai B. Tree Tech. Consult Co., Ltd., Shanghai, China) were cleaned
sequentially in ultrasonic baths of acetone and isopropanol for 30 min, dried using nitrogen gas
and followed by 10 min of O2 plasma cleaning. Right after the O2 plasma cleaning, the 30 nm
thick PEDOT:PSS (Heraeus Clevios™ Al 4083) was spin-coated onto the ITO-coated substrates
at 4000 rpm for 40 s and annealed at 150 °C for 10 min in air. The solution for each PBDB-T:
BSS10 blend (1:0.6 wt/wt) was prepared in chlorobenzene, mixed and stirred overnight at 80 °C
in the glove box. The blend solution was spin-coated at 1000 rpm for 50 s, followed by thermal
annealing at 175 °C for 10 min. All the active layers had a thickness of 100 £ 5 nm. For each ETL,
LiF (1 nm) was thermally deposited at a pressure of < 2 x 10-6 torr, and PFN-Br solution (0.5
mg/ml) dissolved in methanol was spin-coated onto the active layer at 4000 rpm for 40 s in the
glove box. Small-molecule electron-transport materials (BPhen, BmPyPhB, and TmPyPB) were
co-dissolved with alkali metal-salt (Cs2CO3) in formic acid and spin-coated onto the active layer
at 7000 rpm for 40 s. After forming each ETL, thermally evaporated Al cathode (100 nm) was
deposited onto the ETLs. Four pixels, each with an active area of 3 mm? were fabricated per ITO
substrates. After evaporation of Al cathode, the photovoltaic cells were tested under AM 1.5 G
solar illumination at 100 mW cm? in ambient air by using a solar simulator (Model 16S, Solar
Light Co., Philadelphia, PA) with a 200W Xenon Lamp Power Supply (Model XPS 200, Solar
Light Co., Philadelphia, PA) calibrated by 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-V measurement, the external quantum efficiency

(EQE) was measured by using a solar cell quantum efficiency measurement system (Model
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QEX10, PV Measurements, Inc., Boulder, CO) with a2 mm (2 mm x 1 mm) size masked incident
light source and TF Mini Super measurement apparatus for multiple devices in a single substrate.
The EQE system was calibrated with a Si photodiode before measurement. For the light intensity
dependence measurements, AM 1.5 sunlight from a filtered Xenon lamp was adjusted by using a
set of neutral density filters. UV-vis absorption spectra of polymers were measured on
PerkinElmer Lambda 900 UV-vis/near-IR spectrophotometer. Atomic force microscopy (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.

4.3 RESULTS AND DISCUSSIONS

Acceptor /

Figure 12. The conventional OPV device architecture with donor polymer PBDB-T and acceptor
polymer BSS10 (a), Molecular structures of electron-transport materials, (c) Energy level diagram

of the conventional all-PSC device with each electron-transport material.

The photovoltaic properties of all-PSCs with each ETL based on PBDB-T:BSS10 blends,
which have complementary absorption as the active layer, were investigated. The conventional
device (Figure la) with the structure: ITO/PEDOT:PSS/Blends/ELT/Al were fabricated and

evaluated. On the basis of our previous work, we applied the optimized blend of active layer
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composition and processing condition. The optimum donor and acceptor blend composition is
1:0.6 wt/wt and the active layer is thermally annealed at 175 °C for 10 min without any processing
additives in the glove box. We firstly screened and optimized the solution-deposited BPhen ETL
with a case of doped BPhen with an alkali metal salt (Cs2COsz) dopant co-dissolved in formic acid
solution as a standard layer in this work. The photovoltaic parameters are provided in Table S1-

S2. We found the optimal concentration of BPhen (24 mg/ml) and dopants concentration (10 wt%).

Table 6. Photovoltaic Properties of 1:0.6 wt/wt PBDB-T:BSS10 Blend All-Polymer Solar Cells

with different electron-transport layers.

Rs Rsh
Cathode Jse (MA/CM?) Vo (V)  FF PCEmax (%) PCEave (%) Qem?)  (Qen)

Al 12.99 079  0.49 5.57 5.02 (+0.34)2  18.9 474
LiF (1 nm)/Al 13.78 0.85  0.50 6.22 580 (+0.35)°  19.4 524
Formic Acid/Al 16.85 0.84 0.6 6.83 6.41(x0.21)a  11.3 146
PEN-Br 15.50 0.86 055 7.92 7.34 (+0.32)° 9.4 391
BPhen/Al 17.96 0.85 0.8 8.14 7.33(x047)° 105 166
BPhen 18.37 0.85  0.48 8.53 7.57 (£0.45)°  10.3 170
+Cs,C03 10 Wto%/Al
BmPyPhB 18.78 0.85  0.48 8.52 7.69 (£0.42)° 101 166
+Cs,C03 10 Wto%/Al
TmPyPB 18.59 085  0.48 8.38 7.55 (+0.51) 9.9 161
+Cs,C03 10 Wt%/Al

3 Average PCE values obtained from 10 separate devices. ® Average PCE values obtained from more than 15
separate devices.

Each ETL of all-PSCs show various photovoltaic properties. The corresponding
photovoltaic parameters of all-PSCs are summarized in Table 1, and the current density (Jsc)-
voltage (V) curves and external quantum efficiency (EQE) are shown in Figure 2. First, all-PSCs
in which only Al cathode was deposited without any ETMs as a control in this work showed lowest

short-circuit current (Jsc) of 12.99 mA/cm? and open circuit voltage (Voc) of 0.79. In contrast, the



78
thermally deposited Lithium fluoride (LiF) had improved Jsc of 13.70 mA/cm? with significantly

enhanced Vo of 0.85. It was already shown in many literatures that thin LiF (1 nm) layer lowered
electron-extraction barrier by reducing the work function of the cathode. As compared to thermal
evaporation case of LiF, solution-processed ETL under ~5 nm of PFN-Br (0.5 mg/ml) dissolved
in Methanol improved the device performance significantly. All photovoltaic parameters are
reinforced with Jsc of 15.57 mA/cm?, V. of 0.86 and fill factor (FF) of 0.55 which make 7.36 %
PCEav. We could assume that the enhancement of device performance from a PFN derivative
PFN-Br ETL is because of strong interface dipole between ETL and metal electrode with better
energy level alignment by lowering the high work-function of metal already known in the
literature. Also, the dipole of the polymers formed the superposition of the built-in field could lead
to the enhancement of Voc. The small-molecule ETL of BPhen as standard in this report also

showed enhanced device performance of 7.33% PCEayg as compared to PFN-Br ETL case.
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Figure 13. Current density (Jsc)-Voltage (V) characteristics under AM 1.5G 100 mA/cm2
illumination (a) and EQE spectra (b) for optimal PBDB-T: BSS10 all-polymer solar cells with
different electron-transport layers. The PBDB-T:BSS10 blend active layers were thermally
annealed (175 °C,10 min).
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However, the photovoltaic parameters of the devices showed a different trend with better
Jsc 0f 17.89 mA/cm? and similar Voc of 0.85, but with quite lowered FF of 0.48 than PFN-Br ETL.
Furthermore, the incorporation of CsxCOs 10 wt% in BPhen ETL resulted in even more
improvement of Jsc of 18.48 mA/cm? of the devices. This result suggests that charge extraction is
improved by the increased conductivity from the BPhen doped with alkali metal salt of Cs2COa.
Furthermore, we also identified that other small-molecule ETLs (BmPyPhB and TmPyPB) doped
with Cs2CO3 10 wt% works well in all-PSCs with even higher Js of 18.78 mA/cm? and 18.59
mA/cm? respectively. EQE spectra of the all-PSCs with each ETL (Figure 2b) exhibited almost the
same curve shape with well-matched absorption spectra of polymer blends. These results clearly
show that the solution-processed new ETLs with the combination of alkali metal salt dopants are
synergistic in improving the performance of all-PSCs and promising for further study of a new

ETLs for all-PSCs.
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Figure 14. (a) Thin-film optical absorption spectra of the PEDOT:PSS and PEDOT:PSS with the

formic acid layer. (b) Optical absorption spectra of PBDB-T:BSS10 blend with different

interlayers
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It is noteworthy that at the very beginning when we made the all-PSC devices from the all-
new ETLs dissolved in formic acid, we observed untrue high photocurrent shown in Figure S1 and
Table S3. First of all, there have been many studies that people have tried to modify the
PEDOT:PSS film to enhance the electrical properties by adding various organic solvents, salts,
acids, and surfactants.?”2°3! |n those studies, this phenomenon has also already observed in the
literature that the modified PEDOT:PSS with [HOEMIm]-[HSO4] showed unreal high Jsc value.?®
The modified PEDOT:PSS with high in-plane conductivity made the device possess more carriers
in a larger area, and these increased carriers under illumination without an aperture mask could
cause the fake high value of the photocurrent.?® To get rid of this problem, we tried to remove all
the surrounded spin-coated layers between each device and whole device substrates by using a
cotton swap. After applying this method, we corrected the real photocurrent values of the all-PSCs.
Also, we observed that the shifted spectrum and improved absorption (Figure 3) after 900 nm when
we made a spin-coated formic acid layer on top of the PEDOT:PSS film. Furthermore, we
conducted a conductivity measurement by the four-point probe for pristine thin film PEDOT:PSS
and PEDOT:PSS with the spin-coated formic acid layer. While the conductivity of pristine thin
film PEDOT:PSS is 0.003 S/cm, PEDOT:PSS treated by formic acid spin coating shows 0.07
S/cm, which is more than one order of magnitude increase. Obviously, these results suggest that
formic acid causes the doped situation of PEDOT:PSS. We also made devices and investigated
photovoltaic performance (Table 1) from the only spin-coated formic acid layer on top of the blend.
These devices showed higher Jsc of 16.85 mA/cm? than PFN-Br ETL devices. This interaction of
formic acid with PEDOT:PSS in all-PSCs suggests that formic acid solution can make the

PEDOT:PSS film more conductive and help to get improved Jsc in all-PSCs.
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We investigated the charge collection probability P (E, T) under short-circuit condition to
understand the influence of each ETL.323* Since this value was calculated by the short-circuit
current densities under dark and illumination conditions, the reduced FF and increased shunt
resistance (Rsh) from new-ETLs caused the lowered charge collection probability than Al, LiF/Al,
and PFEN-Br ETL/AI is shown in Table S5. The short-circuit current density as a function of an
illumination intensity (Piight) was measured to understand the charge recombination kinetics of the
devices.® The linearity (0=1) of the power-law dependence of Jsc on Piight (Jsc & (Piight)®) indicates
the weak carrier loss from bimolecular recombination. New-ETLs which showed low FF reflected
the more off linearity as compared to the PFN-Br ETL. These results can point out that the high
recombination probability based on low fill factor from new-ETLs would be one of the problems

and should be investigated deeply from future study.
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Figure 15. AFM height (a, b, ¢, and d) and phase (e, f, g, and h) images (500 nm x 500 nm) of the
surfaces of PBDB-T:BSS10 (a, e), PBDB-T:BSS10 with PFN-Br layer (b, f) , PBDB-T:BSS10
with Formic acid layer (c, g) and PBDB-T:BSS10 with BPhen layer dissolved in formic acid (d,
h).
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To understand the surface morphology of film from new-ETLs on top of the blend, atomic
force microscopy (AFM) was carried out. The height and phase images of the blend films without
and with each ETL are presented in Figure 4, S2. We obviously observed the changes of surface
roughness by taking the root-mean-square (RMS) values from each sample. The case of Al cathode
without ETL showed the highest RMS value (1.48 nm) and PFN-Br ETL had a little smooth
surface with RMS (1.39 nm). Interestingly, the roughness started to be reduced a lot with the
formic acid layer to 1.23 nm and became smoother surface within the range of 1.0 ~ 1.2 nm as
with new-ETLs. This results can partly explain the smoother surface can help to form the proper
interface contact and stimulate the electron extraction through the interfaces to help to get high

photocurrent.

4.4 CONCLUSIONS

We have shown new solution-processed ETLs can enhance photocurrent in all-PSCs.
Furthermore, the doped ETLs of BPhen, BmPyPhB, and TmPyPB with 10 wt % alkali metal salt
(Cs2COs) resulted in significantly high Jsc of 18.37 mA/cm?, 18.78 mA/cm?, and 18.59 mA/cm?
respectively. We also found the formic acid as a solvent for ETMs can form the doped PEDOT:PSS
film without any damage for the active layer, leading to slightly increased Jsc of 16.85 mA/cm? as
compared to PFN-Br ETL. Studies of surface morphologies from AFM with each ETL revealed
that more smooth surface roughness can be formed by solution processed new-ETLs, which could
help to get better contact between ELTs and electrode. We expect these results could boost to

develop more effective ETLs for high-performance all-PSCs.
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Chapter 5. CONCLUSIONS AND OUTLOOK

5.1 CONCLUSIONS

Throughout this work, | investigated factors that affect the performance of all-polymer
solar cells (all-PCSs) based on naphthalene diimide-biselenephene copolymer acceptors. Although
there are many challenges in this research field of organic photovoltaics (OPVs), specifically |
focused on the study of all-PCSs regarding optimal photovoltaic properties, blend morphology,
and cathode interfacial engineering.

| studied inverted all-PSCs based on naphthalene diimide-biselenophene copolymer
acceptor bearing 2-octyldodecyl side chains (PNDIBS). Systematic optimization process for
inverted all-PCSs was conducted to low-Mn PNDIBS (LP, Mn=28.4 kDa) and high-Mn PNDIBS
(HP, Mn=53.7 kDa) with donor polymer PBDB-T, which has complementary absorption
spectrum. In the process of optimization of all-PCSs with LP and HP, thermally annealed PBDB-
T: HP blend devices with processing additive showed PCE of 9.4 % with Js of 18.32 mA/cm?. In
contrast, PBDB-T: LP blend devices with processing additive had PCE of 7.9% when they are
dried at room temperature. Besides, HP shows enhanced electron mobility, greater face-on
molecular orientation and more balanced charge transport from SCLC and 2D-GIWAXS
characterization of active layers from the all-PCSs.

In addition, to further explore the effects of controlling bulk crystallinity in all-PCSs with
their photovoltaic properties and blend morphology, a series of new naphthalene diimide (NDI)-
biselenophene (BS) / NDI-selenophene (S) random copolymer acceptors BSSx (x=10, 20, and 50)
whose crystallinity varies with NDI-selenophene composition, were investigated in all-PCSs. With
the enhanced absorption, bulk electron mobility and reduced crystallinity of BSS10 and BSS20

acceptor, PBDB-T: BSS10 and PBDB-T: BSS20 blend devices showed high photovoltaic
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performance with PCE of 9.5% with Jsc of 20.02 mA/cm? and 9.6% with Jsc of 19.70 mA/cm

respectively. This miscible blend of PBDB-T:BSS10 and BSS20 have favorable morphology with
reduced domain sizes, improved face-on orientation, and more balanced charge transport as
compared to PBDB-T:BSSO blend where BSSO consists of 0% of NDI-selenophene polymer
backbone as reference polymer acceptor. Also, these all-PCSs were achieved with facile thermal
annealing without any processing additives and the PBDB-T: BSS20 blend devices even can
maintain the high performance of PCE above 8% with active layer thermally annealed at 200 C.
Finally, I investigated the cathode interface with solution processable electron transport
materials (BPhen, BmPyPhB, and TmPyPB) in conventional PBDB-T:BSS10 blend device. In this
study, | observed solution-processed electron transport layers (ETLs) with alkali metal salt dopants
can be applied to all-PCSs. Those ETLs shows superior performance in photocurrent (~18
mA/cm?) from a systematic study with different cases of the cathode. Although relatively low fill
factor of this system is remaining a task for the overall improvement of all-PCSs with solution-
processed ETLs, this work can highlight the importance of engineering cathode interface for
developing high-performance all-PCSs with solution processable interlayers. Overall, the results
of this study have helped to advance the field of OPVs. In particular, this work provides an
additional guideline to develop enhanced performance all-PCSs for the next generation of organic
electronic devices. Further investigation should be continued to expand our knowledge and to

advance the technology in this field with deeper understanding.

5.2 OuUTLOOK

Research on organic photovoltaics (OPVs) is an ongoing and attractive topic in both

academia and industry. From these studies, all-polymer solar cells (all-PSCs) based on naphthalene
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diimide-biselenophene copolymer acceptors can show a bright future for high-performance all-
PCSs as compared to other all-PCSs or fullerene based polymer solar cells. However, relative low
fill factor in this system of all-PSCs, which is dominated by blend morphology and is interrelated
with recombination process, remains an unsettled question. Since all-PCSs is based on mixing the
donor polymer and acceptor polymer as bulk heterojunction structure to obtain increased interface
for efficient charge separation within a limited diffusion length of excitons, obtaining an optimal
blend morphology is a crucial key for best photovoltaic performance. Certainly, it is thus necessary
to understand polymer blends morphology and kinetics and develop optimal device engineering
for each system of all-PSCs.

Besides, laboratory scale fabrication and industrial scale or commercialization for all-PCSs
would be a different story. Film morphology and stacked interlayers of devices from spin coating
technique would be safe from some defects or formation of consistent blend morphology due to a
millimeter device of laboratory scale. However, this laboratory scale technique would have
limitations such as inconsistent film morphology with partly different thickness and increased
defects on large device area. Moreover, deformation of blend morphology when they are applied
on top of the flexible substrate, thermal stability, and oxidation of organic devices should be
considered for future application. Currently, the roll-to-roll process technique or blade coating

process for large-scale production has been tried and desired for further developments of this field.



