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There has been tremendous progress in the development of conjugated polymer
semiconductors in the last two decades for diverse applications in organic electronics and
photonics. Most notably, advances in p-type (hole-conducting) polymers have enabled the
development of high-performance organic field-effect transistors (OFETs) as well as more
efficient fullerene-based organic photovoltaics (OPVs). In contrast, n-type (electron-conducting)
polymer semiconductors remain relatively scarce and consequently the performance of n-channel
OFETs and all-polymer solar cells has lagged far behind p-channel OFETs and fullerene-based
OPVs. This dissertation mainly focuses on the design and synthesis of new n-type polymer
semiconductors for device applications in n-channel OFETs and non-fullerene OPVs. It aims to
achieve better understanding of the relationships between molecular structure, processing,

morphology, and device performance.



New n-type polymer semiconductors were developed based on strong electron
withdrawing naphthalene diimide (NDI) building block with various selenophene derivatives as
co-monomers. The resulting highly crystalline poly(naphthalene diimide)s (PNDIs) gave the
electron mobility as high as 0.24 ¢m?/Vs in n-channel OFET measurements in air which is
comparable or even higher mobility compared to most of the p-channel transistors. Using NDI-
selenophene copolymer, PNDIS-HD, as acceptor, a photovoltaic performance with a power
conversion efficiency (PCE) of 3.3 % (Jsc = 7.78 mA/cm?, Vo = 0.76 V, FF = 0.55) was achieved
in all-polymer solar cells, and this work has stimulated a lot of current interest in fullerene-free
OPVs.

In further studies in all-polymer solar cells, highly enhanced photovoltaic performance
was achieved by chemical modifications of acceptor polymers and controlling self-organization
kinetics of polymer/polymer blend films. From these studies, a critical role of the bulk
crystallinity of acceptor polymer was revealed, and provided an important criterion for the
molecular design of high performance polymer acceptors. Furthermore, all-polymer solar cells
with more favorable bulk morphology by slow self-organization of polymers facilitated by room
temperature film aging resulted in enhanced charge carrier mobility and photocurrent. Resulting
all-polymer solar cells with PCE over 7 % showed a great potential of non-fullerene solar cells

and demonstrated for the first time a viable alternative pathway to organic photovoltaics.
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Chapter 1. INTRODUCTION

1.1 BACKGROUND

In 1977, Alan MacDiarmid, Hideki Shirakawa, and Alan J. Heeger discovered conducting
polymers, which triggered intensive studies on this new generation of polymers that exhibit
semiconducting electrical and optical properties.! Applications of the new materials in organic
electronics and photonics, including organic light emitting diodes (OLEDs), organic field-effect
transistors (OFETs), and organic photovoltaics (OPVs), have gained enormous attention due to
their attractive mechanical properties (light weight, flexibility, transparency) and cost effective
solution processibility, which are more attractive for future low cost organic electronics and solar
energy technologies than conventional metals or inorganic semiconductors.?

There has been remarkable progress in the development of polymer semiconductors for
organic electronics and photonics in the last two decades. However, there is large disparity
between advances in p-type (hole-conducting) polymer semiconductors and n-type (electron-
conducting) polymer semiconductors. n-Type polymer semiconductors have been relatively
scarce compared to p-type polymer semiconductors, and consequently the performance of n-
channel OFETs has lagged far behind p-channel OFETs. Similarly, the performance of all-
polymer solar cells, composed of both donor and acceptor polymers, has lagged far behind
fullerene-based OPVs. Yet, fullerene-based electron acceptors which are currently widely used
in OPVs have significant disadvantages such as limited light absorption in the visible region,
poor thermal/photochemical stability, poor morphology control, and high cost.’ The development
of suitable n-type semiconducting polymers is thus of great interest in the fields of organic

electronics and OPVs.



1.2  11-CONJUGATED POLYMER SEMICONDUCTORS

n-Conjugated polymer semiconductors have been extensively investigated due to their
attractive mechanical, electrochemical, and optoelectronic properties that can be utilized in
diverse electronics and photonics, such as organic light emitting diodes (OLEDs), organic field-

effect transistors (OFETs) and organic photovoltaics (OPVs).!
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Figure 1. (a) Schematic of m-conjugation in a representative example of polymer Semiconductor,
polythiophene. (b) Schematic of electronic energy-density of state diagram of a m-conjugated
polymer semiconductors.

n-Conjugated polymers have alternating single and double bonds, and n-orbital overlap leads
to electron delocalization along the poymer backbone and provide charge carrier path (Figure 1).
According to the molecular orbital (MO) theory, two carbon atoms form bonding orbital and
antibonding orbital, and thus n-band is divided into & (valence) and n* (conduction) band. Since
one band can hold two electrons, m band is completely filled with electrons while n* band is
empty. The energy difference between the highest occupied molecular orbital (HOMO) in the &
band and the lowest unoccupied molecular orbital (LUMO) in ©* band is the energy bandgap
(Eg). Eg of conjugated polymers is finite (not zero) due to the bond length alternation (Peierls

Instability Theory). Thus, conjugated polymers are intrinsic semiconductors and have unique
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properties, including conductivity, photoconductivity, luminescence, fluorescence, charge
transport, and redox properties.*

Using polymer semiconductors in electronics and photonics can offer many advantages over
using inorganic semiconductors.’ Not only the low cost of the materials, but also the solution
processibility of polymers enables the low cost and large area roll-to-roll device fabrication
processing. Polymer semiconductors are mechanically flexible and have light weight that can be
beneficial for the future technology. The most attractive feature of polymer semiconductors is
that the Eg is readily tunable by molecular design, and thus their electrochemical and optical
properties can be tuned by molecular engineering (molecular design and device engineering).
The molecular factors that determine the energy bandgap include conjugation length (m-
electronic delocalization length), backbone planarity, intermolecular orbital interections,
intramolecular charge transport, resonance energy of aromatic and quinoidal forms, and electron
donating/electron withdrawing strength of monomers®.

Depending on the major charge carrier, conjugated polymer semiconductors can be
classified as either p-type (hole-transporting) or n-type (electron-transporting). The majority of
the polymer semiconductors is p-type, and advances in the synthesis of diverse p-type polymers
have enabled the development of high-performance OFETs’ with a hole mobility over 10 cm?/Vs
as well as more efficient fullerene-based single junction OPVs® with a power conversion
efficiency (PCE) over 10 %. In contrast, n-type polymer semiconductors remain relatively scarce
due to the scarcity of building blocks and synthetic difficulties, and thus the performance of n-
channel OFETs (< 1 cm?/Vs) has lagged far behind p-channel OFETs. Similarly, the
performance of all-polymer solar cells, which utilize n-type polymers as acceptors, has lagged

far behind fullerene-based OPVs. Therefore, the development of suitable n-type polymers is of



great interest in contemporary polymer chemistry and the fields of organic electronics and
photonics.
1.3 ORGANIC ELECTRONICS AND PHOTONICS

1.3.1 Organic Field-Effect Transistors

Polymer
Semiconductor

Polymer

Semiconductor

- LUMO
Ve>0 - e-
e
Drain Volt V
| Source e- or h+ Drain rain Voltage (Vo) }
- Gate Source ™ h+ /D1rain
Conducting Channel Ve<0 [

Gate Voltage (Vc)

Figure 2. Operation mechanism of organic field-effect transistors.

Organic field-effect transistors (OFETs) represent one of the important building blocks
for developing organic electronics due to their switching characteristics with three electrodes,
including source, drain, and gate.” Organic semiconductors bridge the source and drain, and
generate the conducting channel upon applying gate voltage. Once electric-field is formed by
applying drain voltage, charge carriers (holes or electrons) are flow from source to drain. In the
case of p-channel OFETs, gate voltage is negatively charged and holes travel through the HOMO
level of the polymer semiconductor as charge carriers while n-channel OFETs operates with
positive gate voltage and electron charge carriers travel through the LUMO level of the polymer
semiconductor (Figure 2).

Important parameters of OFETs are charge-carrier mobility (u), threshold voltage (Vi),
and current on/off ratio (Ion/lofr). Charge-carrier mobility means how fast charge carriers can

move through the channel, threshold voltage indicating how fast the transistor can be switched



on, and current on/off ratio is the difference of source-drain current between on-state and off-
state. Thus, high performance OFETs indicates high charge carrier mobility and large current
on/off ratio with small threshold voltage. The charge-carrier mobility can be calculated from the
slope of the transfer curve ((Iss)™> versus Vgs) in the saturation region using the equation: Igs=
(W/2L) p Ci(Vgs - Vi)?, where Igs is the drain-source current in the saturated region, W/L is the
channel width to length ratio, p is the field-effect mobility, C; is the capacitance per unit area of
the dielectric layer (17nF/cm?), whereas Vg and V. are the gate and threshold voltages,
respectively.!”

To design and synthesize new polymer semiconductors for OFETs, there are several
important factors that should be considered. The most important factor is a solid state packing
structure and crystallinity of polymers. For better performance in OFETs, high degree of order
and short packing distances (m-stacking distance and lamellar packing distance) with high
crystallinity of polymers are highly desired, and high conjugation length (high molecular weight
of polymers) and backbone planarity can affect those features. To achieve planar polymer
backbone, it is important to choose the rigid monomers as well as the side alkyl chains with right
length and distribution. For example, long and branched alkyl side chains are generating larger
steric hindrances that can decrease the planarity of the polymer backbone compared to the short
and linear alkyl side chains. Since solution processibility of the polymer semiconductors is
another important factor, it is important to find right size of the side chains that can provide
sufficient solubility while keeping the backbone planarity. As an effort to make rigid monomers,
covalently bridged monomers or ladder type monomer units have been developed.'!

In addition to the solid state packing structure of the polymers, electronic structures of

polymers are other important factors in the application of OFETs to lower the hole and electron



injection barriers. For p-channel OFETs, conjugated polymers with sufficiently high lying
HOMO energy levels or low ionization potential (IP) (IP < 5.3 eV) can facilitate hole injection
from the typical source and drain gold (® = 5.2eV) electrodes. In the case of n-channel OFETs,
conjugated polymers with sufficiently low lying LUMO energy levels or high electron affinity
(EA) (EA > 3.8 eV) will allow injection of electrons from gold or aluminum (® = 4.3 eV)
electrodes. Removing the charge trapping sites in the device is also important to enhance the
performance of OFETs. The performance of OFETs can also be limited by the trapping sites
from the impurities of materials and end-groups (—Br or —Sn(Me)3) of polymers that comes from
the Stille coupling or Suzuki coupling polymerizations.!?> These end-groups can be easily
removed by end-capping reactions, and significantly enhanced charge carrier mobilities have

been observed as an end-capping effect.!

1.3.2 Organic Photovoltaics

Among the most important scientific challenges facing society today is finding a way to
meet the energy needs of the world’s growing population via an environmentally sustainable
paradigm.'* Organic photovoltiac (or solar cell) is of great interest due to potential to provide a
low-cost, light-weight, and flexible source of renewable energy as a semiconductor device that
converts absorbed sunlight (photons) into electricity.!> Considerable research effort on
photovoltaic materials and devices has led to much progress in the last two decades. However,
energy from current photovoltaic technologies is too expensive compared with that from fossil
fuels. Novel materials and devices that could potentially revolutionize solar energy conversion
technologies, making them cost-competitive with fossil fuels, are needed.

Typical bulk heterojunction (BHJ) OPVs consist of two electrodes (anode and cathode)

and an active layer, which is a binary blend of donor (p-type) and acceptor (n-type) organic



semiconductors, in between them as shown in Figure 3, and additional hole and electron
transporting layers of conductive polymers or metal oxides. OPVs operate in following four key
steps: (i) absorption of photons and exciton generation, (ii) charge separation, (iii) charge
transport, (iv) charge collection (Figure 3). In active layer (organic semiconductors), absorbed
photon with a larger energy than the E; of organic semiconductors, excite electron from the
valence band to the conduction band and generate exciton which is a bound electron-hole pair.
This exciton diffuses to the donor/acceptor interfaces in the active layer and dissociated to
charges (hole and electron) by either electron or hole transfer using the HOMO/LUMO energy
level offsets between donor and acceptor as a driving force. Separated charges are now
transported through donor and acceptor phases, respectively, and hole is collected at the anode

and electron is collected at the cathode.

) Donor
/ ‘ V"‘(.';thode 4 | (/:Uth)::)e) ( ~@n’-\
Electron Transport v Baods | » N LU
\ @ HOMO - r Cathode

b@u HOMO |
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Figure 3. Simplified conventional OPV device structure and operation mechanism of OPVs.

Important parameters of organic photovoltaics are short circuit current (Jsc), open circuit

voltage (Voc), and fill factor (FF), which determine the overall power conversion efficiency

X VocXFF

(PCE): PCE = Jse Jsc 1s the current that flows through the solar cells when the voltage

m

across the device is zero (no external bias applied), due to the light generated current. V. is the

maximum voltage available in solar cells, and closely related to the energy difference between
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the HOMO energy level of donor and the LUMO energy level of acceptor. FF is defined as the
ratio of the maximum power from the solar cell to the product of Vo and Js.. FF is determined
from the competitive process between sweep-out and charge carrier recombination.

Each photoconversion process of OPV devices has to be optimized to achieve high
photovoltaic parameters and thus high PCE. First, the light harvesting can be maximized by
using active layer which has a broad light aborption in the visible and near infrared region with
small energy bandgap and high absorption coefficient. There has been a tremendous effort to
reduce energy bandgaps of donor polymer semiconductors, and has been successful by
manipulating D-A approaches'®, which contains electron donating and electron withdrawing
moieties in on polymer backbone. Second, the thin film morphology of the active layer should be
controlled to prevent geminate (exciton) and bimolecular (charge) recombination. The excitons
generated in current organic/polymer semiconductors are Frenkel excitons which have large
binding energies (~1.0 eV) and a short diffusion lengths (10 — 20 nm).!” Thus, small phase
separated domains of donor and acceptor within exciton diffusion length is crucial to prevent the
geminate recombination, and domains should be well interconnected for efficient charge
transport by preventing bimolecular recombination and enhancing the charge carrier mobility.
Third, the HOMO/LUMO energy level offsets of donor and acceptor should be large enough (>
0.3 eV) for efficient charge separations. Finally, ohmic contact should be provided to minimize

the contact resistance and enhance charge collection efficiency.

1.4 MOLECULAR ENGINEERING: MOLECULAR DESIGN & DEVICE ENGINEERING

The performance of OFETs and OPVs depends largely on the molecular structure and material
properties of conjugated polymer semiconductors as well as device processing conditions. The
MSE (Materials Science and Engineering) tetrahedron applied to conjugated polymer
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semiconductors for OFETs and OPVs (Scheme 1) shows intimate relationships between the four
fundamental aspects, including performance, molecular structure, material properties, and device
processing. Understanding the correlations between those four aspects by molecular engineering
is thus crucial to overcome the challenges and achieve high performance in conjugated polymer
devices. Material properties are readily tunable by molecular design and synthesis, and device

processing conditions should be optimized based on the material properties to maximize the

performance.
Performance
(OFETs and OPVs)
MSE Tetrahedron
Molecular Structure / \ Device Processing
(Molecular design & synthesis) - Device structure _
- Monomers (hole/electron transporting layer, electrode)
- Side chains - Film forming condition and film thickness
- Substituent (spin coating, annealing, solvent)

- Conjugation length

_Purity Material Properties

- Electronic structure (HOMO, LUMO, Eg)
- Optical property

- Solid state morphology (Crystallinity)

- Charge transport properties

- Solubility

Scheme 1. MSE tetrahedron as applied to conjugated polymer semiconductors for OFETs and
OPVs.

There are many molecular design factors that are known to affect largely on the material
properties, including electronic structure, optical properties, solid state morphology, crystallinity,
charge transport properties, and solubility. The most important factor is the choice of the
monomer since the monomer governs the properties of resulting polymer. Depending on the
electron donating or electron withdrawing strength of monomer, electronic structures can be

tuned, and thus energy bandgap and optical properties can be controlled. Various substituents



can be attached to the monomer at the post polymerization step, and give a large impact on the
monomer properties as well. In addition, resulting HOMO/LUMO energy levels decide charge
transport properties (electron transporting (p-type), hole transrporting (n-type), or ambipolar
charge transport) of polymers. The size and distribution of the alkyl side chains should be
carefully considered to control the backbone planarity and crystallinity of polymers while
maintaining a sufficient solubility on common organic solvents for solution processibility. A
long and bulky alkyl side chains provide a good solubility, but bulky side chains close to each
other tend to cause large steric hindrance and thus disturb the backbone planarity leading to the
highly disordered solid state morphology and low crystallinity.

In addition, a significant effect of the molecular weight dependence of performance in
OFETs and OPVs that is originated from the extended conjugation length and increased
crystallinity with increased molecular weight, has been studied.'® Finally, the performance in
both OPVs and OFETs is extremely sensitive to the material purity unless polymers have
unavoidable molecular weight distribution due to the nature of step growth polymerization that
has been widely used for conjugated polymer synthesis. Possible impurities in conjugated
polymers are the remaining palladium catalysts, end groups (bromide, boronic ester, or trimethyl
tin complexes), and unreacted monomers. Experimental studies have reported that more than a
factor of two decrement in power conversion efficiency was observed with 0.2 % of impurity in
the system,'” and a large (3.4 fold) enhancement in the field-effect mobility was observed with
end-capped conjugated polymer by minimization of the possible charge trapping sites with
reduced end-groups.?’

For further enhancement of the performance in OFETs and OPVs, device engineering is

an essential step to optimize the thin film morphology and reduce the charge collecting barriers.
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Diverse device processing conditions have been successfully applied for controlling the
morphology of the OFET and OPV devices. One of the critical factors that affects on the film
morphology is processing solvent. The morphology of the active layer can be significantly
modified by spin-coating of films from different solvents or co-solvent system due to the
different solvent evaporation rate as well as the different solubility between donor and acceptor
components. The self-organization and phase separation kinetics of polymer blend films can also
be controlled by using various annealing conditions, including thermal annealing, solvent vapor
annealing, self-assembly of polymer nanowires, and use of processing additives. The charge
collecting barriers can be reduced by using metal electrodes with different work functions and
additional hole or electron transporting organic (PEDOT:PSS) or metaloxides (ZnO, TiO) layers
to reduce the electrode/active layer energy gap and to improve the surface morphology for better
contact. In addition, surface modifiers, such as ethanolamine and polyethylenimine, that modify
the work function of metals or metal oxides by forming strong interface molecular dipoles have

been frequently used.

1.5 MAJOR CHALLENGES AND RESEARCH OBJECTIVES

1.5.1  Major Challenges

There has been tremendous progress in the synthesis and development of m-conjugated
polymer semiconductors for diverse applications in OFETs and OPVs in the last two decades.
Charge carrier mobility of OFETs is reached up to 10 cm?/Vs 7 and BHJ-OPV cells based on
fullerene (PC71BM) acceptors and donor polymers currently have the highest power conversion
efficiencies (5-10% PCEs)® achieved by optimization of factors such as molecular engineering of
polymers, processing conditions, various annealing protocols, and use of processing additives or

different dielectrics. Most notable, advances in the synthesis of diverse p-type polymers have
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enabled the development of high-performance organic field-effect transistors (OFETs) as well as
more efficient fullerene-based organic photovoltaics (OPVs). In contrast, n-type polymer
semiconductors remain relatively scarce due to the lack of available building blocks and
synthetic difficulties. The performance of n-channel OFETs (< 1 ¢cm?/Vs) and all-polymer solar
cells (PCE < 5 %) is also inferior compared to the p-channel OFETs (< 10 cm?/Vs) and
fullerene-based OPVs (5-10% PCEs).

Both p-channel OFETs and n-channel OFETs are needed for developing low power
complimentary electronic circuits. In OPVs, new n-type polymers that can replace fullerenes are
desired as well. Although fullerene molecules have proven to be excellent acceptor materials in
bulk heterojunction (BHJ) polymer/fullerene solar cells, they are inherently chemically,
thermally, and photochemically unstable in ambient air, which limits their potential in practical
OPVs. Compared to fullerene based acceptors, n-type polymers as an acceptor can offer many
potential advantages over fullerene acceptors. The facile tunability of various properties of such
n-type conjugated polymers, including optical absorption, electronic structure, crystallinity,
solubility, and charge transport, exemplifies their attractive features. The greater thermal stability
and mechanical strength of n-type conjugated polymers can ensure more morphologically and
environmentally rugged all-polymer solar cells. Compared to the negligible visible and near
infrared light harvesting by fullerene acceptors, n-type conjugated polymers can contribute to
light harvesting in the solar cells as much as the donor polymer and photoinduced hole transfer
becomes an important pathway for charge photogeneration as is photoinduced electron transfer.?!

In addition to the scarcity of the n-type polymer semiconductors, lack of knowledge on
the critical factors that govern the compatibility and polymer blend film morphology limits the

performance of all-polymer soalr cells. The inferior performance of all-polymer solar cells
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compared to fullerene/polymer devices is mainly due to the low photocurrent (Js¢) and fill factor
(FF), which are the morphology dominated photovoltaic parameters.?> However, the material
factors that can be used for the choice of donor and acceptor polymer pair are currently limited to
the electronic structure and optical properties of polymers, and there is no criteria available to

predict the morphological compatibility of polymers in all-polymer solar cells.

1.5.2  Research Objectives

The primary objective of this thesis research is to design and synthesize new polymer
semiconductors and study their structure-property-performance relationships in OFETs and
OPVs. The main focus is to address current scientific and technical challenges in the field. The
specific scope of the research include:

(i) Design and synthesis of new polymer semiconductors for OFETs and OPVs.
Progress in organic electronics and photonics has been mainly driven by advances in new
polymer semiconductors, and thus exploring a new class of building blocks and development of
new classes of polymer semiconductors are crucial for further progress of the field. In Chapter 2,
new classes of polymer semiconductors based on thienothiadiazole (TTD) or naphthalene
diimide (NDI) building blocks and their electronic structures, optical properties, and solid state
morphology are discussed. TTD based copolymers where found to have narrow optical band gap
(~ 1 eV) with broad optical absorption band that extends to 1400 nm; their p-channel field-effect
mobility and photovoltaic properties as a donor polymer were also investigated. In contrast,
polymer semiconductors incorporating NDI and selenophene derivative showed a great potential
as an electron-transporting materials in n-channel OFETs because of their low lying LUMO
energy levels and highly ordered lamellar crystalline structure. The photovoltaic properties of

all-polymer solar cells using NDI copolymers as an acceptor are also discussed in Chapter 3.
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(ii) Determine the key factors that govern compatibility and blend morphology of
polymer/polymer blends toward highly efficient all-polymer solar cells. Lack of knowledge
of the critical factors that govern the compatibility and blend morphology of polymer blends
limits the performance of all-polymer soalr cells. In particular, the morphology dominated
photovoltaic parameters such as photocurrent and fill factor are inferior compared to the
corresponding fullerene-based OPVs. Thus, it is vital to understand material properties that
govern the polymer/polymer blend morphology and improve photocurrent and fill factor. In
Chapter 4, miscibility, phase separation behavior of polymers, and surface and bulk blend film
morphology are explored based on the different molecular structure of acceptor polymers that
modified by using different comonomers, side chain engineering, and random copolymerization.
From these studies, side chain engineering strategy is found to be effective as a means of
improving the photocurrent, optimizing polymer/polymer blend morphology, and thus enhancing
the performance. Moreover, the bulk crystallinity is found to be a material property that can be
used as an important criterion for selecting donor/acceptor pairs in polymer/polymer blend solar
cells. Information obtained from these studies can provide potential design strategy to develop
new polymers that meet the requirements and considerations as suitable n-type polymer
semiconductors.

(iii) Optimization of device engineering of all-polymer solar cells. Due to the
differences in molecular geometry of the acceptor polymers (linear semi-flexible/semi-rigid
chains) than the fullerene acceptors (spherical nanoparticle) and consequently differences in
polymer/polymer blend morphology, understanding the unique film formaning conditions of
polymer/polymer blend are essential for further progress in all-polymer solar cells by achieving

the ideal blend morphology. In Chapter 5, two different film forming conditions (thermal (175 °C)
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annealing and room temperature film aging) are tested in all-polymer solar cells composed of
NDI-selenophene copolymer as an acceptor and small bandgap benzodithiophene (BDT)-
thieno[3,4-b]thiophene (TT) copolymer as a donor. Slow solvent evaporation rate in the room
temperature film-aged polymer/polymer blend solar cells enabled improvement in electron
mobility and the favorable bulk morphology resulted in about two-fold enhanced photovoltaic
performance compared with the related thermally annealed devices. In addition to engineering
the film forming condition, the effect of several surface modifiers, including ethanolamine and
polyethylenimine that can modify the work function of metals or metal oxides by forming strong
interface molecular dipoles are discussed.

(iv) Effects of 3D molecular conformation of acceptors in non-fullerene OPVs. The
3D molecular conformation can affect many molecular and bulk properties of nonfullerene
acceptors, including electronic structures, intermolecular interactions, solid state packing motif,
and anisotropic/isotropic charge transport properties. Therefore, optimizing the 3D molecular
structure can potentially improve the photovoltaic properties of nonfullerene electron acceptors
in organic solar cells. In Chapter 6, systematical studies of the effects of the 3D molecular
structure on the photovoltaic properties are presented based on tetraazabenzodifluoranthene
diimide (BFI) based dimeric small molecule acceptor as a model compound. For the first time, a
superior photovoltaic performance was observed in nonfullerene OPVs compared with
corresponding PC71BM based devices with the acceptor having highly twisted angle between
building blocks, and demonstrated that optimizing 3D conformation of acceptors is a promising
rational design strategy towards more efficient small molecule and polymer acceptors in non-

fullerene OPVs.
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Chapter 2. POLYMER SEMICONDUCTORS FOR ORGANIC FIELD-
EFFECT TRANSISTORS.

The results in this chapter are reprinted with permission from Hwang, et al. Macromolecules
2012, 45, 3732 (Copyright 2012 American Chemical Society) and Hwang, et al. Polym. Chem.

2013, 4, 3187 (The Royal Society of Chemistry).

2.1  THIENOTHIADIAZOLE-BASED CONJUGATED COPOLYMERS FOR ELECTRONICS

AND OPTOELECTRONICS

2.1.1 Introduction

Solution processable conjugated polymer semiconductors are of growing interest for diverse
applications in electronics and optoelectronics.!® The fine-tuning of the electronic structure,
charge transport, and optoelectronic properties of n-conjugated polymers is greatly facilitated by
the donor-acceptor (D-A) approach, whereby electron-donating (D) and electron-accepting (A)
units are incorporated into the conjugated polymer chain in a modular fashion.”!! The resulting
intramolecular charge transfer (ICT) in such a D-A copolymer can be a powerful means of
tailoring the electronic structure and properties of this class of organic semiconductors,
depending on the electron-releasing and electron-withdrawing strengths of the D and A building
blocks. A large number of D-A conjugated polymer semiconductors based on benzodiazole
acceptors such as benzo[c][1,2,5]thiadiazole (BTD),'*!*> benzoselenadiazole (BSe),'® and
benzoxadiazole (BX)!” have been extensively studied. D-A copolymers containing these
benzodiazole acceptor units are known to exhibit absorption maximum (Amax) in the range of

535-689 nm with optical band gaps of 1.5-2.3 eV.!%!’
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Compared to the related electron-poor rings such as benzothiadiazole, benzoselenadiazole and
benzoxadiazole, which have been extensively investigated in the construction of D-A conjugated
copolymers, thienothiadiazole (TTD) has not been fully explored as a building block. This is
surprising considering that it is a much stronger electron acceptor than benzothiadiazole (BTD)

and the others in the homologous series and that the first example of a TTD-containing
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R4 = 2-ethylhexyl

R; = octyl, Ry = H (3a), hexyl (3b), dodecy! (3c) R, = isopentyloxy

R, = 2-etyhlhexyl, R1 = H (3d), hexyl (3e)
dodecyl (3f), 2-ethylhexyl (3g)

Chart 1. Molecular structures of known thieno[3,4-c][1,2,5]thiadiazole-based conjugated

copolymers.

),1820 was introduced

conjugated polymer, poly(4,6-di(2-thienyl)thieno[3,4-c][1,2,5]thiadiazole
almost 2 decades ago.'® Recently, a TTD-containing copolymer, poly(5,7-bis(4-decanyl-2-
thienyl)-thieno(3,4-b)diathiazole-thiophene-2,5) (PDDTT), was used to fabricate ultrasensitive
polymer photodetectors exhibiting performance that was comparable to high performance
inorganic photodetectors in the 400-1450 nm spectral range.?? In contrast, bulk heterojunction

solar cells made form PDDTT/fullerene blends had a poor performance with the highest

efficiency of only 0.11 %.2? The high lying HOMO energy level of - 4.71 eV and low molecular
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weight of PDDTT appear to be a reason for the poor photovoltaic properties.?!->* More recently,
another TTD-based copolymer with fluorene as a donor moiety was reported by Kminek et al.?*-
26 Unfortunately, the observed photovoltaic response was also poor under non-standard and not
meaningful illumination (Xe lamp with UV filter WG35 for 45 mW/cm?). These previous limited
studies of TTD-containing polymers (Chart 1) suggest that the potential of this strong acceptor
building block remains to be realized in the development of new conjugated copolymers for
electronics and optoelectronics. The molecular weight of known TTD-containing polymers
synthesized by Stille or Suzuki coupling polymerization is generally low to moderate (M, = 3.1-
31.7 kDa).?!"?® Most notably, the charge transport properties, including the field-effect charge

carrier mobility, of TTD-containing polymer semiconductors and thus their applications in field-

effect transistors have yet to be reported.

PTTV PTTDTP

R4= 2-Ethylhexyl
R,= 2-Hexyldecyl

Chart 2. Molecular structures of new thieno[3,4-c][1,2,5]thiadiazole-based conjugated

copolymers.

In this chapter, I will discuss the synthesis and properties of four new D-A conjugated

copolymers based on thieno[3,4-c][1,2,5]thiadiazole acceptor and various donor moieties. The
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new poly(thienothiadiazole)s (PTTDs), including poly(4,6-bis(3-ethylhexyl-2-thienyl)thieno[3,4-
c][1,2,5]thiadiazole-alt-phenylene)  (PTTP), poly(4,6-bis(3-ethylhexyl-2-thienyl)thieno[3,4-
c][1,2,5]thiadiazole-alt-4,8-bis(2-ethylhexyloxy)benzo[ 1,2-b:4,5-b’]dithiophene) (PTTBDT),
poly(4,6-bis(3-ethylhexyl-2-thienyl)thieno[3,4-c][ 1,2,5]thiadiazole-alt-vinylene) (PTTV) and
poly(4,6-bis(3-ethylhexyl-2-thienyl)thieno[3,4-c][ 1,2,5]thiadiazole-alt-N-(1-

hexyldecyl)dithieno[3,2-b:2’,3’-d]pyrrole) (PTTDTP), were synthesized by Stille coupling
polymerization. The molecular structures of the new PTTDs are given in Chart 2. Optical
absorption spectroscopy shows that the PTTDs have very narrow band gaps of 0.9-1.2 eV.
Electrochemically derived electronic structures show that the new polymers have a LUMO
energy level of -3.4 to -3.6 eV and a HOMO energy level of -4.9 to -5.1 eV. The charge transport
and photovoltaic properties of the PTTDs were investigated by organic field-effect transistor
(OFETs) and bulk heterojunction (BHJ) solar cells, respectively. The thienothiadiazole-based
copolymers had a moderate field-effect mobility of holes as high as 4.6x107 cm?/Vs while the

maximum photovoltaic efficiency was 0.38 %.

2.1.2  Experimental Section

Materials. 2,5-Bromo-3,4-dinitrothiophene and trans-1,2-bis(tri-n-butyl-stannyl)ethylene were
purchased from Fisher Scientific Inc. 2,6-Dibromo-4,8-bis(2-ethylhexyloxy)benzo[1,2-b:4,5-
b’]dithiophene was purchased from Luminescence Technology Corp (Taiwan). All other
chemicals were purchased from  Sigma-Aldrich.  4,6-Bis(5-bromo-3-ethylhexyl-2-
thienyl)thieno[3,4-c][1.2.5]thiadiazole (5% and 2,6-di(trimethyltin)-N-(1-
hexyldecyl)dithieno[3,2-b:2°,3’-d]pyrrole?’ were synthesized according to known procedures.

Poly(4,6-bis(3-ethylhexyl-2-thienyl)thieno[3,4-c][1,2,5]thiadiazole-alt-phenylene) (PTTP). 4,6-

Bis(5-bromo-3-ethylhexyl-2-thienyl)thieno[3,4-c][1.2.5]thiadiazole (5) (269.5 mg, 0.39 mmol),
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1,4-bis(tributylstannyl)benzene (256.8 mg, 0.39 mmol), Pdx(dba); (7.16 mg, 0.0078 mmol) and
P(o-tolyl)s (9.53 mg, 0.0313 mmol) were added into a 100 mL three-neck round-bottom flask.
The flask equipped with a condenser was then degassed and filled with argon three times.
Afterwards, 15 mL of chlorobenzene was added and degassed and filled with argon three times.
The reaction mixture was refluxed for 24 h under argon. After cooling down to room
temperature, the polymerization mixture was poured and stirred into 200 mL methanol and 5 mL
hydrochloric acid solution for 5 h. The polymer precipitated out as a dark green solid and was
filtered using a filter paper. The polymer was purified by Soxhlet extraction with methanol and
acetone (183 mg; yield = 73.6 %). 'H NMR (CDCls, 300 MHz): § (ppm) 7.7 (6H), 3.0 (4H), 1.83
(2H), 1.3-0.8 (28H).
Poly(4,6-bis(3-ethylhexyl-2-thienyl)thieno[3,4-c][1,2,5]thiadiazole-alt-4,8-bis(2-
ethylhexyloxy)benzo[1,2-b:4,5-b’[dithiophene) (PTTBDT). 4,6-Bis(5-bromo-3-ethylhexyl-2-
thienyl)thieno[3,4-c][1.2.5]thiadiazole (5) (385.42 mg, 0.562 mmol), 2,6-di(tributylstannyl)-4,8-
bis(2-ethylhexyloxy) benzo[1,2-b:4,5-b’]dithiophene (432.7 mg, 0.562 mmol), Pdx(dba); (10.29
mg, 0.011 mmol) and P(o-tolyl); (13.7 mg, 0.045 mmol) were added into a 100 mL three-neck
round-bottom flask. The flask equipped with a condenser was then degassed and filled with
argon three times. Afterwards, 35 mL of chlorobenzene was added and degassed and filled with
argon three times. The reaction mixture was refluxed for 72 h under argon. After cooling down
to room temperature, the polymerization mixture was poured and stirred into 200 mL methanol
and 5 mL hydrochloric acid solution for 5 h. The polymer precipitated out as a dark green solid
and was filtered using a filter paper. The polymer was purified by Soxhlet extraction with
methanol and hexane (320 mg; yield = 60 %). '"H NMR (CDCls, 300 MHz): § (ppm) 7.16 (2H),

7.0 (2H), 3.99 (4H), 2.9 (4H), 1.9-0.9 (60 H).
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Poly(4,6-bis(3-ethylhexyl-2-thienyl)thieno[3,4-c][1,2,5]thiadiazole-alt-vinylene) (PTTV). 4,6-
Bis(5-bromo-3-ethylhexyl-2-thienyl)thieno[3,4-c][1.2.5]thiadiazole (5) (612.6 mg, 0.89 mmol),
trans-1,2-bis(tri-n-butyl-stannyl)ethylene (539.2 mg, 0.89 mmol), Pdx(dba); (16.3 mg, 0.018
mmol) and P(o-tolyl); (21.66 mg, 0.071 mmol) were added into a 100 mL three-neck round-
bottom flask. The flask equipped with a condenser was then degassed and filled with argon three
times. Afterwards, 30 mL of chlorobenzene was added and degassed and filled with argon three
times. The reaction mixture was refluxed for 16 h under argon. After cooling down to room
temperature, the polymerization mixture was poured and stirred into 200 mL methanol and 5 mL
hydrochloric acid solution for 5 h. The polymer precipitated out as a dark solid and was filtered
using a filter paper. The polymer was purified by Soxhlet extraction with methanol, hexane and
chloroform (450 mg; yield = 86.5 %). 'H NMR (CDCls, 300 MHz): § (ppm) 7.14 (2H), 7.0 (2H),
4.08 (4H), 2.03 (2H), 1.35-0.8 (28H).
Poly(4,6-bis(3-ethylhexyl-2-thienyl)thieno[3,4-c][1,2,5]thiadiazole-alt-N-(1-
hexyldecyl)dithieno[3,2-b:2°,3’-d[pyrrole) (PTTDTP). 4,6-Bis(5-bromo-3-ethylhexyl-2-
thienyl)thieno[3,4-c][1.2.5]thiadiazole (5) (221.8 mg, 0.323 mmol), 2,6-di(trimethyltin)-N-(1-
hexyldecyl)dithieno[3,2-b:2°,3’-d]pyrrole (235.8 mg, 0.323 mmol), Pd2(dba); (5.92 mg, 0.00646
mmol) and P(o-tolyl); (7.87 mg, 0.0258 mmol) were added into a 100 mL three-neck round-
bottom flask. The flask equipped with a condenser was then degassed and filled with argon three
times. Afterwards, 13 mL of chlorobenzene was added and degassed and filled with argon three
times. The reaction mixture was refluxed for 48 h under argon. After cooling down to room
temperature, the polymerization mixture was poured and stirred into 200 mL methanol and 5 mL
hydrochloride solution for 5 h. The polymer precipitated out as a dark solid and was filtered by a

filter paper. The polymer was purified by Soxhlet extraction with methanol and hexane (220 mg;
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yield = 70.8 %). '"H NMR (CDCls, 300 MHz): & (ppm) 7.14 (2H), 6.99 (2H), 4.07 (4H), 2.03
(2H), 1.3-0.7 (61H).
2,6-Di(trimethyltylstannyl)-4,8-bis(2-ethylhexyloxy)benzo[1,2-b:4,5-b’[dithiophene. 2,6-
Dibromo-4,8-bis(2-ethylhexyloxy)benzo[ 1,2-b:4,5-b’]dithiophene (330 mg, 0.546 mmol) was
added into a 100 mL three-neck round-bottom flask. Afterwards, 14 mL THF was added under
argon. The mixture was cooled to -78 °C in a dry ice bath and n-BuLi (0.75 mL, 1.19 mmol) was
added dropwise. After stirring the mixture for 45 min at -78 °C, trimethyltinchloride (1.27 mL,
1.27 mmol) was added in one portion. Dry ice bath was removed after 5 min and the mixture was
warmed up to room temperature. After stirring 2 h at room temperature, the reaction mixture was
poured into water and extracted with diethyl ether 3 times. The organic phase was dried with
sodium sulfate anhydrous and the solvent was evaporated by vacuum rotary evaporator. Yellow
crystals were obtained and subsequently used in polymerization without further purification (553
mg; yield = 92 %). '"H NMR (CDCls, 300 MHz): & (ppm) 6.99 (2H), 4.08 (2H), 2.05 (1H), 1.33-
0.63 (30 H), 0.33 (18H).

Characterization. To analyze the molecular and physical properties of the four copolymers, 'H
NMR, thermogravimetric analysis (TGA), X-ray diffraction (XRD) and gel permeation
chromatography (GPC) analysis were performed. 'H NMR spectra at 300 MHz were recorded on
a Bruker-AF300 spectrometer. TGA thermograms were obtained on a TA Instruments Q50 TGA
at a heating rate of 20 °C/min under nitrogen gas flow. XRD data were obtained from Bruker
AXS D8 Focus diffractometer with a Cu Ka beam, and the samples were prepared by drop-
casting of polymer solutions with chlorobenzene onto glass substrates and annealed at 200 °C for
10 mintures. GPC analysis of the copolymers was performed on GPC Model 120 (DRI,

PLBV400HT Viscometer) against polystyrene standards in chlorobenzene at 60°C. Absorption
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spectra of the copolymers were measured on a Perkin-Elmer model Lambda 900 UV/vis/near-IR
spectrophotometer. Solution and solid state absorption spectra were obtained from polymer
solutions in chloroform and as thin films on glass substrates, respectively.

Cyclic voltammetry (CV) experiments were done on an EG&G Princeton Applied
Research potentiostat/galvanostat (model 273A) in an electrolyte solution of 0.1 M
tetrabutylammonium hexafluorophosphate (BusNPFs) in acetonitrile. A three-electrode cell was
used in this analysis. Platinum wires were used as counter and working electrodes, and Ag/Ag"
(Ag in 0.1 M AgNOs solution, Bioanalytical System, Inc.) was used as a reference electrode.
Ferrocene/ferrocenium was used as an internal standard by running CV at the end, and this data
was used to convert the potential to saturated calomel electrode (SCE) scale. The films of the
copolymers were coated onto the Pt wires by dipping the wires into 1 wt% polymer solutions in
chloroform or chlorobenzene.

Fabrication and characterization of field-effect tranmsistors. Organic field-effect transistors
(OFETs) were made on top of heavily n-doped silicon with thermally grown oxide (200 nm)
substrates. Gold source-drain electrodes (W=800 um and L=40 pum) with a thin chromium
adhesive layer were photographically patterned to form bottom-contact transistor devices. The
surface of the oxide was treated with octyltrichlorosilane (OTS8) by spin-coating a chloroform
solution of OTS8 (4 mM) onto a cleaned substrate, followed by rinsing with toluene and
annealing at 100 °C for 10 min in a fume hood. Polymer thin films spun from a solution in 1,2-
dichlorobenzene (4-8 mg/mL) were annealed at 200 °C for 10 min under argon environment.
Devices were tested by using an HP4145B semiconductor parameter analyzer in nitrogen-filled
dry box. Electrical parameters were calculated by using the standard equation for metal-oxide-

semiconductor field-effect transistors in the saturation region similar to our previous reports.?3®)
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Fabrication and characterization of photovoltaic cells. Solar cells were fabricated by first spin-
coating a PEDOT buffer layer on top of ITO-coated glass substrates (10 /o) at 3500 rpm for 40
s and annealing at 150 °C for 10 min under vacuum. The thickness of PEDOT was around 30
nm. The active layer was spin-coated on top of the PEDOT in a glove box at a speed of 620 rpm
for 20 s and annealed at 180 °C for 10 min. The device substrates were then loaded into a
thermal evaporator for cathode deposition. The cathode, consisting of 1.0 nm LiF and 100 nm Al
layers, was sequentially deposited through a shadow mask on top of the active layers after the
chamber vacuum reached 8 x 1077 torr. The solar cells have an active area of 9.0 mm?. The active
layer had thickness of 60-80 nm. Film thickness was measured on an Alpha-Step 500
profilometer. Current-voltage characteristics were measured by using an HP4155A
semiconductor parameter analyzer. The light intensity of AM 1.5 sunlight from a filtered Xe
lamp was calibrated by a Si photodiode calibrated at the National Renewable Energy Laboratory
(NREL). All the characterization steps were carried out under ambient laboratory air and further

details can be found in our previous report.?
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Scheme 2. Synthetic route to  4,6-bis(5-bromo-3-ethylhexyl-2-thienyl)thieno[3,4-
c][1,2,5]thiadiazole (5).
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2.13 Results and Discussion

Synthesis and Characterization. The synthetic route to the dibromide monomer 5 is presented in
Scheme 2. The final monomer 5 was obtained in three steps from dinitroterthiophene 8.
Reduction of compound 8 with hydrochloric acid and tin powder gave the compound 7, and
following ring closing reactions of compound 7 with N-thionylaniline and chlorotrimethylsilane
in pyridine the thienothiadiazole compound 6 was obtained. Finally, boromination of compound
6 with N-bromosuccinimide (NBS) gave the monomer 5. Monomer 5 was obtained as a blue
solid and its molecular structure was verified by 'H NMR and LC mass spectrometry. The new
polythienothiadiazoles (PTTDs) were synthesized by Stille coupling polymerization in the
presence of Pdx(dba); and P(o-tolyl); using chlorobenzene as the solvent (Scheme 3). Color
changes from blue to green were observed during the polymerization reaction, and as a result,
PTTP and PTTBDT were collected as dark green solids. In the case of PTTV and PTTDTP, the
color of the polymerization solutions changed from blue to reddish purple, and dark solids were
obtained. PTTP, PTTBDT and PTTDTP are readily soluble in common organic solvents (e.g.
chloroform, chlorobenzene) at room temperature. In the case of PTTV, the polymer precipitated
after only 5 h Stille coupling polymerization; consequently, the final dark solid was only
partially soluble in chlorobenzene even at 120 °C. The low solubility of the vinylene-linked

PTTYV comes from its highly coplanar and rigid backbone.
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Scheme 3. Synthesis of polythienothiadiazoles (PTTDs).

The molecular structures of the new PTTDs were verified primarily by '"H NMR spectra,
which were in good agreement with the proposed structures of the copolymers. The molecular
weight and polydispersity of the copolymers were measured by gel permeation chromatography
(GPC) against polystyrene standards in chlorobenzene at 60 °C. The number-average molecular
weight (M,) varied from 6.4 kDa in PTTBDT to 24.0 kDa in PTTDTP. In the case of PTTV, 'H
NMR and GPC measurement could not be done because of the low solubility in organic solvents.
The molecular weight of the PTTDs is thus moderate and can probably be increased further by
optimizations of the polymerization conditions, including the monomer concentration of
solution, catalyst, and temperature. The thermal stability and thermal transition properties of the
PTTDs were evaluated by thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC), respectively. The onset decomposition temperature (74) of all four polymers
under nitrogen flow was in the range of 320-380 °C, indicating good thermal stability of the
copolymers. The DSC scans of the PTTDs did not show any distinct transitions up to 350 °C

(Table 1).
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Table 1. Molecular Weight and Thermal Stability of PTTDs.

copolymer My M’ My [ M onb
(kDa)  (kDa) (°C)

PTTBDT 13.0 6.4 2.1 320

PTTP 10.0 8.3 1.2 360

PTTV - - - 380

PTTDTP 46.0 24.0 1.9 350

“Molecular weights were determined by GPC using polystyrene standards. ° Onset decomposition
temperature measured from TGA under nitrogen.

Electrochemical Properties. The redox properties and electronic structures of the new D-A
conjugated copolymers were investigated by cyclic voltammetry (CV) of thin films on platinum
(Pt) electrodes. The oxidation and reduction cyclic voltammograms of PTTDs are shown in
Figure 4. The cyclic voltammograms of all four copolymers (PTTP, PTTBDT, PTTV, PTTDTP)
showed a much larger oxidation current than reduction current. The oxidation waves were all

irreversible whereas the reduction waves were quasi-reversible.
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Figure 4. Cyclic voltammograms of PTTDs thin films in 0.1 M Bu4NPFs solution in acetonitrile
at a scan rate of 40 mV/s: oxidation scans (A) and reduction scans (B).

The ionization potential (IP)/electron affinity (EA) and their associated HOMO/LUMO
energy levels were estimated from the onset redox potentials (vs SCE) extracted from the cyclic

voltammograms (IP = eEox"™ + 4.4 eV, EA = eE;ed®™™ + 4.4 e¢V).3° The IP and EA values are
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summarized in Table 2. The IP value or HOMO level of the copolymers at 4.9-5.1 eV varied
only slightly with donor moiety. The EA value or LUMO level of the PTTD copolymers also
varied in a very narrow range from 3.4 eV for PTTP to 3.6 eV for PTTV and PTTDTP.
Compared to the known TTD-containing copolymer, poly(5,7-bis(4-decanyl-2-thienyl)-
thieno(3,4-b)diathiazole-thiophene-2,5), which has HOMO/LUMO energy levels of 4.71 eV/3.59
eV,?! the present PTTDs have HOMO/LUMO energy levels that vary slightly with the donor
moieties. The electrochemical band gap (E,! = IP — EA) of the PTTDs varied from 1.3 eV in
PTTDTP to 1.6 eV in PTTP and PTTBDT; the electrochemical band gap is 0.40-0.60 eV larger

opt

than the optical band gap E** (Table 2) and this can in part be explained by the strongly bound
excitons in the materials.!©- 3! We note that the N-(1-hexyldecyl)dithieno[3,2-b:2°,3’-d]pyrrole
(DTP)-linked copolymer, PTTDTP, had the smallest band gap among the four new PTTDs as a
result of increased HOMO level and decreased LUMO level. In contrast, the weak donor

moieties of PTTBDT and PTTP brought decreased HOMO level and increased LUMO level and

thus a larger band gap energy.
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Figure 5. Optical absorption spectra of PTTDs in dilute chloroform solution (A) and as thin

films on glass substrates (B).
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Optical properties. The normalized optical absorption spectra of the PTTDs in dilute (10 M)
chloroform solutions and as spin-coated thin films on glass substrates are shown in Figure 5. All
four copolymers are characterized by two absorption bands in both dilute solutions and as thin
films. The higher energy absorption band can be assigned to a m-n* transition whereas the lower
energy absorption band can be assigned to an intramolecular charge transfer (ICT) interaction
between the TTD acceptor and the various donor moieties.* In dilute solution, the absorption
maximum (Amx) of the higher energy band varied from 445 nm in PTTP to 521 nm in PTTDTP.
The A of the ICT absorption band varied from 760 nm in PTTP to 909 nm in PTTDTP.

The ICT band of the thin film absorption spectra of the PTTDs is significantly red-shifted
compared to the solution spectra. Although the higher energy band centered at 481-515 nm
shifted very little from the solution spectra, the ICT absorption maximum varied from 843 nm in
PTTBDT to 941 nm in PTTV. Compared to the solution spectra, PTTP and PTTV showed a
large redshift of 104 nm and 106 nm, respectively, in the ICT absorption band, whereas
PTTBDT had a little redshift of 37 nm and PTTDTP was unchanged. The large redshift in the
thin film absorption spectra compared to the solution spectra, can be explained by the increased
planarization and strong intermolecular interactions of the copolymer chains in the solid state.

Table 2. Optical and Electrochemical Properties of PTTDs.

copolymer EA“ 1P’ E® Amax© Amax? Eg°Pt
(eV) (eV) (eV) (nm) (nm) (eV)

PTTBDT 3.5 5.1 1.6 485, 806 499, 843 1.2
PTTP 34 5.0 1.6 445, 760 481, 864 1.1
PTTV 3.6 5.1 1.5 484, 835 514, 941 0.9
PTTDTP 3.6 4.9 1.3 521, 909 515,911 0.9

“ Electron affinity was obtained based on EA = eEqox"™" + 4.4 eV. ” lonization potential was obtained
based on IP = eEo®™' + 4.4 eV. “ The absorption maximum in dilute solution. ¢ The thin film absorption
maximum.
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The optical band gap of the PTTDs varied from 1.2 eV in PTTBDT to 0.9 eV in PTTV
and PTTDTP (Table 2). The relatively weak donor moieties of PTTP and PTTBDT and thus
smaller ICT interactions can explain their larger optical band gaps compared to PTTV and
PTTDTP. The relatively narrow band gap of PTTV can be explained by the increased
coplanarity enabled by the rigid vinylene group in its backbone. The rather small optical band
gap of PTTDTP is derived from the strong electron-donating N-(1-hexyldecyl)dithieno[3,2-
b:2°,3’-d]pyrrole (DTP) donor moiety, which facilitates the strongest ICT interaction among the
four polymers. Compared to other organic semiconductors already reported based on different
acceptor moieties, such as BTD or the others in the homologous series including BSe and BX,'*
17 the new thienothiadiazole-based PTTDs have a broad absorption that extends to near infrared
region. The four new copolymers are thus good candidates for applications in photodetectors and

photovoltaics.
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Figure 6. Output (A-D) and transfer (E) characteristics of the OFETs based on the
polythienothiadiazoles (PTTDs). Forward and backward scans are overlaid in both output and

transfer curves. Solid symbols represent lss and open symbols represent Igs'2. Vgs = -80 V in

panel (E).
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Field-Effect Transistors. The charge transport properties of the new copolymer semiconductors
were investigated by fabricating and testing organic field-effect transistors (OFETs) with
bottom-contact and bottom-gate geometry on hydrophobically modified gate dielectric layer. All
of the PTTD transistors exhibited p-channel characteristics with good current modulation and
saturation, as shown in Figure 6. Output (A-D) and transfer (E) characteristics of the OFETs
based on the polythienothiadiazoles (PTTDs). Forward and backward scans are overlaid in both
output and transfer curves. Solid symbols represent Iss and open symbols represent Ias"2. Vs = -
80 V in panel (E).. The electrical parameters of the PTTD OFETs are collected in Table 3.
PTTDs showed comparable charge carrier mobility compared to other small band gap polymer
semiconductor that has been reported.>? PTTP and PTTBDT showed saturation hole mobilities of
4.6x107% cm?/Vs and 3.2x10° cm?/Vs, respectively. On the other hand, PTTV and PTTDTP had
lower carrier mobilities of 2.5%10™* cm?/Vs and 6.1x10™* cm?/Vs, respectively. The one order of
magnitude lower carrier mobility of PTTDTP compared to the other PTTDs can be explained by
the difference in crystallinity as revealed by XRD. PTTBDT films showed a diffraction peak at
20 = 5.54° with the corresponding d-spacing of 15.9 A, and PTTP showed a diffraction peak at
20 = 6.06° with the d-spacing of 14.6 A. These peaks are considered to be from (100) diffraction
of lamellar planes of edge-on oriented polymers. We were not able to resolve any peaks from
other diffractions. In contrast, PTTDTP film showed very weak X-ray diffraction peaks with
intensity of 200 or less, indicating largely amorphous morphology. Lower carrier mobility of
PTTV film can be explained by the poor film quality caused by less solubility of PTTV in
common organic solvents. No sign of significant contact resistance was observed in the output
curves of the PTTD transistors. The HOMO energy levels of the copolymers (4.9-5.1 eV) are

well-matched with the work function of the gold source/drain electrodes (5.1 eV), suggesting
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that the hole transport is not limited by charge injection barrier in the series of PTTDs. Electron-
transport was not observed despite the relatively low-lying LUMO energy levels (3.4-3.6 eV) of
PTTDs.

The on/off current ratios of PTTP and PTTV OFETs were 10* and those of PTTBDT and
PTTDTP devices were 10°. Overall, small hysteresis between forward and backward scans was
observed except for the transfer curves of PTTBDT and PTTV. The PTTBDT transistor also
exhibited a large positive threshold voltage of 18.3 V on average and a relatively large off-
current of 0.01-0.1 pA. The OFETs based on the other copolymers had negative threshold
voltages (-8.1 V for PTTV, -12.5 V for PTTP, and -16.2 V for PTTDTP) and lower off-current of
less than 1 nA. The origin of the large hysteresis, the large off-current, and a positive threshold
voltage in PTTBDT transistors are not clear at present. Extrinsic molecules and/or impurities
might have caused unintentional doping, resulting in the large hysteresis and off-current as well
as the positive threshold voltage.

Table 3. Field-effect Charge Transport and Photovoltaic Properties of PTTDs.

MUh Vi Ise? Voc* a Tavg (ﬂmax)a
Copolymer (em?/Vs) Lon/Tofr V) (mA/cm?) ) FF (%)
PTTBDT 3.2x1073 103 18.3 2.33 0.41 0.36 0.35 (0.38)
PTTP 4.6x107 10* -12.5 1.04 0.19 0.28 0.05 (0.06)
PTTV 2.5%10 10* -8.1 - - - -
PTTDTP 6.1x10™ 10° -16.2 1.45 0.22 0.31 0.09 (0.1)

@ Photovoltaic properties of PTTDs:PC7BM (1:2 wt/wt) solar cells.
Photovoltaic Properties. Bulk heterojunction (BHJ) polymer solar cells using a PTTD as donor
and the fullerene derivative [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM), as acceptor

were fabricated and characterized. The ratio of PTTD:PC71BM was fixed at 1:2 (wt:wt) in all the
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Figure 7. J-V curves (A) and absorption spectra (B) of PTTD:PC71BM (1:2 wt/wt) solar cells
devices.

Representative current density—voltage (J—V) curves of the PTTD:PC71BM solar cells
are shown in Figure 7(A) and the solar cell parameters are summarized in Table 3. The low
solubility of PTTV in dichlorobenzene precluded fabrication of PTTV solar cells. The average
power conversion efficiency (PCE) of PTTP, PTTBDT, and PTTDTP solar cells was rather low
at 0.05%, 0.35%, and 0.09%, respectively. The corresponding short-circuit current density (Jsc),
open circuit voltage (Voc), and fill factor (FF) of these solar cells are 1.04-2.33 mA/cm?, 190-410
mV and 0.28-0.36, respectively. The peak efficiency obtained in the best solar cell of
PTTBDT:PC7:BM was 0.38% with a Ji. of 2.55 mA/cm?, a Vo of 0.42 V, and a FF of 0.36.
Although the absorption of the PTTDs and thus light harvesting in BHJ devices extends to the
near infrared (Figure 7B), all the photovoltaic parameters (Jsc, Voc, FF) are rather low. The low
power conversion efficiency of BHJ solar cells based on the PTTDs and fullerenes may be
because of the following reasons. The high-lying HOMO energy levels (-4.9 to -5.1 eV) of the

PTTDs relative to the LUMO energy level of the PCBM (-4.0 eV) resulted in small Ve of 0.19-
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0.36 V. The poor quality of the spin coated polymer/fullerene blend films and the low to

moderate mobility of holes in the polymers could explain the low fill factor of the solar cells.

2.14 Conclusions

I have synthesized and investigated the electronic structure and properties of a series of
four new thieno[3,4-c][1,2,5]thiadiazole (TTD)-based donor-acceptor conjugated copolymers.
The new polythienothiadiazoles were obtained with low to moderate molecular weights (Mn =
6.4-24.0 kDa) by Stille coupling polymerization. X-ray diffraction of the PTTD films showed
that only two (PTTBDT and PTTP) were sufficiently crystalline. The electrochemically-derived
HOMO/LUMO energy levels of the copolymers were 4.9-5.1 eV/3.4-3.6 eV below vacuum. The
new thienothiadiazoles have narrow optical band gap (~1 eV) with broad absorption, which
extends to 1400 nm in the case of PTTV and PTTDTP.

The field-effect mobility of holes in the PTTDs varied from 4.6x10”° cm*Vs in PTTP to
2.5x10" cm?/Vs in PTTV. BHJ solar cells fabricated from the three soluble PTTDs had a
maximum power conversion efficiency of 0.38 %. These results suggest that the new PTTDs
have potential applications in electronic and optoelectronic devices. Moreover, the TTD moiety
is found to be a strong electron-acceptor building block for the development of D-A copolymers

semiconductors.
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2.2 NAPHTHALENE DIIMIDE BASED ORGANIC SEMICONDUCTORS FOR ORGANIC

FIELD-EFFECT TRANSISTORS

2.2.1 Introduction

Organic field-effect transistors (OFETSs) represent one of the important building blocks
for developing organic and printed electronics for a variety of applications.! Both p-channel
OFETs and n-channel OFETs are needed for developing low power complimentary electronic
circuits.!** The availability of many diverse p-type conjugated polymers has enabled the
development of p-channel polymer OFETs with high performance (> 1 cm? V! s1).5% n-Type
polymer semiconductors remain relatively scarce and the performance of n-channel polymer
OFETs>!7 has consequently lagged significantly behind those of p-channel OFETs. Although
there are many known electron-deficient building blocks for the synthesis of n-type organic
semiconductors,” '82° perylenediimide (PDI)?!** and naphthalene diimide (NDI)!*?**2® have
been more extensively investigated for the synthesis of solution processable n-type polymer
semiconductors.

We herein focus on NDI-based conjugated polymer semiconductors because of their
attractive features, including easier synthesis, better solubility, and increased crystallinity
compared to PDI-based conjugated polymers.”?> The highest field-effect electron mobility in an
n-type polymer semiconductor has indeed been observed in an NDI-bithiophene copolymer,
P(NDIOD-T2), with mobilities that vary from 0.06 cm? V! 57! in bottom gate/top contact OFETs
to as high as 0.85 cm? V! 57! in top gate/bottom contact OFETs based on polymer dielectrics.!?
However, similar NDI-bithiophene copolymers are known to exhibit ambipolar charge transport
depending on the OFET device architecture.?>’ We have previously reported a detailed study of

a series of alternating NDI-arylene copolymer semiconductors where the arylene was varied
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among thiophene derivatives.”> We showed that when the arylene moiety in the copolymer was a
strong electron-donating thiophene derivative such as bithiophene, dithienothiophene, and

dialkoxybithiophene, almost symmetric ambipolar charge transport was obtained.?®

\/ \ OO \'Se -
I

R PNDISS .'z PNDIBDS

0”*"N™0
r €ePNDIBS

R = 2-decyltetradecyl
Chart 3. Molecular structures of poly(naphthalene diimides).

In this chapter, the synthesis, properties, and n-channel OFET device performance of n-
type polymer semiconductors based on NDI and selenophene derivatives are discussed. The
conjugated polymers, whose molecular structures are shown in Chart 3, include the new
copolymers: poly{[N,N’-bis(2-ecyltetradecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-
alt-2,5-(3,6-dimethyl-selenolo[3,2-b]selenophene)} (PNDISS) and poly{[N,N’-bis(2-
ecyltetradecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-2,6-(benzo[ 1,2-b:4,5-
b'ldiselenophene)} (PNDIBDS). In addition, we synthesized and investigated the phenyl end-
capped derivative of poly{[N,N’-bis(2-decyltetradecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-
2,6-diyl]-alt-5,5°-(2,2’-biselenophene)} (ePNDIBS). Our present studies were motivated by
interest in exploring the effects of the incorporation of selenophene derivatives on the structural
and charge transport properties of poly(naphthalene diimides)(PNDIs) relative to the well studied

thiophene derivatives. We also examined the effects of end-capping on the charge transport
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properties of the present n-type polymer semiconductors in the light of prior reports of end-
capping effects in p-type conjugated polymers.?’ Our previous study of the NDI-biselenophene
copolymer (PNDIBS) without end-capping showed that its electron mobility (0.07 cm? V! s1)
was comparable to that of the corresponding NDI-bithiophene derivative (PNDIBT)*® even
though the biselenophene polymer had enhanced crystallinity due to Se-Se interactions.’*
Herein we show that end-capping leads to a large enhancement of the field-effect electron
mobility of high molecular weight ePNDIBS but not in lower molecular weight ePNDISS or
ePNDIBDS. Average electron mobility as high as 0.24 cm? V! 57! was observed in ePNDIBS
compared to 0.07 cm? V! 57! seen in the non-end-capped PNDIBS. X-ray diffraction analysis of
the NDI-selenophene derivative copolymers showed that their films had a lamellar crystalline

structure in which the interchain d;9p and n-stacking do;o distances varied significantly with the

molecular structure of the selenophene derivative.

2.2.2  Experimental Section

Materials. 4,9-Dibromo-2,7-bis(2-decyltetradecyl)benzo[lmn][3,8]phenanthroline-1,3,6,8-
tetraone was purchased from Sunatech. All other chemicals were purchased from Sigma-Aldrich.
3,6-Dimethyl-selenolo[3,2-b]selenophene,*®  2,2’-biselenophene,*®?” and  benzo[1,2-b:4,5-
b’]diselenophene’® were synthesized according to the known literature procedures.

2,2-Biselenophene. A solution of selenophene (5 g, 38.16 mmol) in anhydrous diethylether was
added into a 250 mL round-bottom flask. The flask was degassed and filled with argon gas
before bring it to 0 ‘C in an ice bath. Then, 2.5 M butyllithium solution in hexane (15.264 mL,
38.16 mmol) was added dropwise, and the solution was stirred for an hour at room temperature.
After copper (II) chloride (6.81 g, 50.18 mmol) was added portionwise at -78 ‘C, the reaction

mixture was stirred overnight at room temperature. The mixture was quenched with ether and
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filtered. The solid was washed with water, 1 N HCI aqueous solution, and 5 % sodium hydrogen
carbonate aqueous solution. The solid was purified by column chromatography with hexane and
chloroform. Recrystallization in MeOH provide final product as a yellow solid. 2,2-
Biselenophene (2 g, 21 %), 'H NMR (CDCls, 300 MHz): § (ppm) 7.9 (1H), 7.23 — 7.29 (2H).
5,5’-Bis(trimethylstannyl)-2,2’-biselenophene. 2,2-Biselenophene (2 g, 7.69 mmol) was added
into a 250 mL round-bottom flask. Under argon atmosphere, 60 mL THF was then added. The
mixture was cooled to -78 °C in a dry ice bath and 2.5 M butyllithium solution in hexane (7.69
mL, 19.23 mmol) was added dropwise. After stirring the mixture for an hour at room
temperature, 1 M trimethyltinchloride solution in THF (16.2 mL, 16.2 mmol) was added in one
portion at -78 °C. Dry ice bath was removed after an hour and the mixture was warmed up to
room temperature. After stirring overnight at room temperature, the reaction mixture was poured
into water and extracted with diethyl ether 2 times. The organic phase was dried with sodium
sulfate anhydrous and the solvent was evaporated by vacuum rotary evaporator. After
recrystallization in MeOH, yellowish white solids were obtained and subsequently used in
polymerization. 5,5’-Bis(trimethylstannyl)-2,2’-biselenophene (286.3 mg, 6.5 %), 'H NMR
(CDCl3, 300 MHz): 6 (ppm) 7.36 — 7.39 (4H), 0.3 - 0.48 (18H). Melting temperature (7m) : 110
°C.

3,6-Dimethyl-selenolo[3,2-b]selenophene. 3,6-Dimethyl-4-octyne-3,6-diol (4 g, 28.0 mmol) and
selenium (7.9 g) were added into a 100 ml round-bottom flask. The flask equipped with a
condenser was purged with argon. Then, the mixture was stirred at 220 °C for a day. The crude
product was purified by column chromatography with hexane. The yellowish white powder was

obtained and used in next step reaction without further purification. 3,6-Dimethyl-selenolo[3,2-
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b]selenophene (500 mg, 6.8 %), 'H NMR (CDCls, 300 MHz): § (ppm) 7.49 (2H), 2.38 (6H).
Melting temperature (7m) : 102 °C.

2,5-Dibromo-3,6-dimethyl-selenolo[3,2-b[selenophene. 3,6-Dimethyl-selenolo[3,2-
b]selenophene (500 mg, 1.9 mmol) was added into a 250 ml round-bottom flask. The flask was
purged with argon before add 14 ml of CH>Cl; and 6 ml of AcOH as a mixed solvent. Afterward,
NBS (680 mg, 3.8 mmol) in 15 ml of CH>Cl> was added dropwise. After stirring the mixture for
2 hours at 0 °C, the reaction was quenched by adding water. The crude product was extracted
with CHCI3, and purified by column chromatography with hexane. The yellowish white powder
was obtained and used in next step without further purification. 2,5-Dibromo-3,6-dimethyl-
selenolo[3,2-b]selenophene (306.8 mg, 43 %), 'H NMR (CDCls, 300 MHz): § (ppm) 2.26 (6H).
Melting temperature (7m) : 126 °C.

2,5-Bis(trimethylstannyl)3,6-dimethyl-selenolo[3,2-b[selenophene. 2,5-Dibromo3,6-dimethyl-
selenolo[3,2-b]selenophene (306.8 mg, 0.73 mmol) was added into a 100 mL round-bottom
flask. Under argon atmosphere, 15 mL THF was then added. The mixture was cooled to -78 °C
in a dry ice bath and 2.5 M butyllithium solution in hexane (0.7 mL, 1.75 mmol) was added
dropwise. After stirring the mixture for an hour at -78 °C, 1 M trimethyltinchloride solution in
THF (1.83 mL, 1.83 mmol) was added in one portion at -78 °C. Dry ice bath was removed after
5 min and the mixture was warmed up to room temperature. After stirring overnight at room
temperature, the reaction mixture was poured into water and extracted with diethyl ether. The
organic phase was dried with anhydrous magnesium sulfate and the solvent was evaporated by
vacuum rotary evaporator. After recrystallization with EtOH, yellow crystals were obtained and

subsequently used in polymerization. 2,5-Bis(trimethylstannly)3,6-dimethyl-selenolo[3,2-
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b]selenophene (134.8 mg, 31.4 %), 'H NMR (CDCl;, 300 MHz): § (ppm) 2.38 (6H), 0.32 - 0.21
(18H).

2,6-Bis(trimethylsilyl)benzo[1,2-b:4,5-b’|diselenophene. 1,4-Dibromo-2,5-bis(2-
trimetylsilylethynyl)benzene (2 g, 4.67 mmol) was added into a 500 mL round-bottom flask.
Afterwards, 75 mL of ether was added under argon. The mixture was cooled to -78 °C in a dry
ice bath and 1.7 M ¢-butyllithium solution in hexane (11 mL, 0.0187 mol) was added dropwise.
After stirring the mixture for 15 min at -78 °C, the solution was warmed up to room temperature,
and selenium powder (800 mg, 0.01 mol) was added in one portion. After 15 min of stirring, 150
mL of ethanol was added, and the solution was stirred for an hour. The mixture was extracted
with chloroform and washed with water two times. The crude product was purified by column
chromatography with hexane. The yellowish white powder was obtained and used in next step
without further purification. 2,6-Bis(trimethylsilyl)benzo[ 1,2-5:4,5-b "]diselenophene (800 mg,
40.1 %), 'H NMR (CDCls, 300 MHz): § (ppm) 8.33 (2H), 7.69 (2H), 0.38 (18H). Melting
temperature (7m) : 117 °C.

Benzo[1,2-b:4,5-b’[diselenophene. 2,6-Bis(trimethylsilyl)benzo[ 1,2-b:4,5-b "|diselenophene
(800 mg, 1.87 mmol) was added into a 250mL round-bottom flask. Under argon atmosphere, 34
mL THF was then added. Teterabutylammonium fluoride solution (1M) (3.73 mL, 3.73 mmol)
was added at room temperature, and stirred for 3 hours. The reaction mixture was poured into
water, and precipitation was filtered using filter paper. The residue was washed with water and
ethanol thoroughly, and dried in the vacuum oven overnight. The yellowish white solid was
obtained and used in next step without further purification. Benzo[1,2-b:4,5-b "|diselenophene
(250 mg, 47.1 %). '"H NMR (CDCls;, 300 MHz): § (ppm) 8.36 (2H), 7.98 (2H), 7.60 (2H).

Melting temperature (7m) : 220 °C.
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2,6-Bis(trimetylstannyl)benzo[1,2-b:4,5-b’|diselenophene. =~ Benzo[1,2-b:4,5-b "|diselenophene
(250 mg, 0.88 mmol) was added into a 100 mL round-bottom flask. Afterwards, 15 mL THF was
added under argon. The mixture was cooled to -78 °C in a dry ice bath and 2.5 M butyllithium
solution in hexane (0.81 mL, 2.024 mmol) was added dropwise. After stirring the mixture for an
hour at room temperature, 1 M trimethyltinchloride solution in THF (2.11 mL, 2.11 mmol) was
added in one portion at -78 °C. Dry ice bath was removed after 15 min and the mixture was
warmed up to room temperature. After stirring overnight at room temperature, the reaction
mixture was poured into water and extracted with diethyl ether. The organic phase was dried
with anhydrous magnesium sulfate and the solvent was evaporated by vacuum rotary evaporator.
After recrystallization with EtOH, white solid was obtained and subsequently used in
polymerization  without  further  purification.  2,6-Bis(trimetylstannyl)benzo[1,2-b:4,5-
b’]diselenophene (194.45 mg, 36.2 %), 'H NMR (CDCl;, 300 MHz): & (ppm) 8.33 (2H), 7.69
(2H), 0.32-0.51 (18H). Melting temperature (7m) : 153 °C.

Poly{[N,N’-bis(2-ecyltetradecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-2,5-(3, 6-
dimethyl-selenolo[3,2-b]selenophene)} (PNDISS). 4,9-Dibromo-2,7-bis(2-
decyltetradecyl)benzo[lmn][3,8]phenanthroline-1,3,6,8-tetraone (252 mg, 0.23 mmol), 2,5-
bis(trimethylstannyl)-3,6-dimethyl-selenolo[3,2-b]selenophene  (134.8 mg, 0.23 mmol),
Pd»(dba); (4.2 mg, 0.0046 mmol) and P(o-tolyl); (5.58 mg, 0.0184 mmol) were added into a 100
mL three-neck round-bottom flask. The flask equipped with a condenser was then degassed and
filled with argon three times. Afterwards, 13 mL of chlorobenzene was added and degassed and
filled with argon three times. The reaction mixture was refluxed for 72 h under argon. After
cooling down to room temperature, the polymerization mixture was poured and stirred into 200

mL methanol and 5 mL hydrochloric acid solution for 3 h. The polymer precipitated out as a
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bluish purple solid and was filtered using a filter paper. The polymer was purified by Soxhlet
extraction with methanol, hexane, and acetone. PNDISS (170 mg, 66.3 %). '"H NMR (CDCls,
300 MHz): & (ppm) 8.89 (2H), 4.19 (4H), 2.25 (6H), 2.10 (2H), 0.88-1.49 (46H). GPC : My =
12.3 kDa, My=10.7 kDa, PDI=1.1. TGA : T4 =400 °C.
Poly{[N,N’-bis(2-ecyltetradecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-2,6-
(benzo[1,2-b:4,5-b'|diselenophene))} (PNDIBDS). 4,9-Dibromo-2,7-bis(2-
decyltetradecyl)benzo[lmn][3,8]phenanthroline-1,3,6,8-tetraone (350 mg, 0.32 mmol), 2,6-
bis(trimetylsilyl)benzo[ 1,2-5:4,5-b "]diselenophene (194.45 mg, 0.32 mmol), Pd2(dba); (5.84 mg,
0.0064 mmol) and P(o-tolyl)s (7.77 mg, 0.0256 mmol) were added into a 100 mL three-neck
round-bottom flask. The flask equipped with a condenser was then degassed and filled with
argon three times. Afterwards, 18 mL of chlorobenzene was added and degassed and filled with
argon three times. The reaction mixture was refluxed for 72 h under argon. After cooling down
to room temperature, the polymerization mixture was poured and stirred into 200 mL methanol
and 5 mL hydrochloric acid solution for 3 h. The polymer precipitated out as a bluish purple
solid and was filtered using a filter paper. The polymer was purified by Soxhlet extraction with
methanol, hexane, and acetone. PNDIBDS (280mg, 68.4%). 'H NMR (CDCls, 300 MHz): §
(ppm) 8.88 (2H), 8.47 (2H), 7.68 (2H), 4.13 (4H), 1.98 (2H), 0.89-1.48 (46H). GPC : Mw=27.0
kDa, Mn=13.5 kDa, PDI =2.0. TGA : Ta =430 °C.
Poly{[N,N’-bis(2-decyltetradecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5 -
(2,2’-biselenophene))} (ePNDIBS). 4,9-Dibromo-2,7-bis(2-
decyltetradecyl)benzo[lmn][3,8]phenanthroline-1,3,6,8-tetraone (250 mg, 0.23 mmol), 5,5’-
bis(trimethylstannyl)-2,2’-biselenophene (133.4 mg, 0.23 mmol), Pdx(dba); (4.2 mg, 0.0046

mmol) and P(o-tolyl); (5.6 mg, 0.0184 mmol) were added into a 100 mL three-neck round-
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bottom flask. The flask equipped with a condenser was then degassed and filled with argon three
times. Afterwards, 13 mL of chlorobenzene was added and degassed and filled with argon three
times. The reaction mixture was refluxed for 72 h under argon. End-capping reaction was started
by adding tributyltinbenzene. Bromobenzene was added after 12 hours and the reaction mixture
was kept at 120 °C overnight. After cooling down to room temperature, the polymerization
mixture was poured and stirred into 200 mL methanol and 5 mL hydrochloric acid solution for 3
h. The polymer precipitated out as a bluish green solid and was filtered using a filter paper. The
polymer was purified by Soxhlet extraction with methanol, hexane, and acetone. ePNDIBS (263
mg, 95.5 %). '"H NMR (CDCl3, 300 MHz): & (ppm) 8.73 (2H), 7.27-7.46 (4H), 4.23 (4H), 2.00
(2H), 0.76-1.46 (46H). GPC : Myw=106.5 kDa, M, =40.1 kDa, PDI =2.6. TGA : T4 =420 °C.
Charateriztion. The molecular and physical properties of PNDIs were investigated by 'H NMR,
gel permeation chromatography (GPC) analysis, thermogravimetric analysis (TGA) and X-ray
diffraction (XRD). 'H NMR spectra at 300 MHz were recorded on a Bruker-AF300
spectrometer, and GPC analysis of the copolymers was performed on GPC Model 120 (DRI,
PLBV400HTViscometer) against polystyrene standards in chlorobenzene at 60°C. Thermal
stability of PNDIs was tested on a TA Instruments Q50 TGA at a heating rate of 20 °C/min
under nitrogen gas flow. X-ray diffraction patterns were obtained from Bruker D8 Discover with
a Cu Ka beam using GADD XRD system, and the solid samples were prepared by drop-casting
of highly concentrated polymer solutions (20 mg/mL) in chloroform onto glass substrates with
annealing at 200 C for 10 minutes.

Electrochemical properties of PNDIs were investigated by cyclic voltammetry (CV). CV
experiments were done on an EG&G Princeton Applied Research potentiostat/galvanostat

(model 273A) in an electrolyte solution of 0.1 M tetrabutylammonium hexafluorophosphate
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(BusNPFs) in acetonitrile at a scan rate of 100 mV/s. Platinum wires were used as counter and
working electrodes, and Ag/Ag" (Ag in 0.1 M AgNOs solution, Bioanalytical System, Inc.) was
used as a reference electrode. Ferrocene/ferrocenium was used as an internal standard, and the
reference potential was converted to the saturated calomel electrode (SCE) scale. The samples
for CV were prepared by dip-coating the copolymer solutions in chloroform onto Pt wires.
Optical properties of PNDIs were measured on a Perkin-Elmer model Lambda 900 UV/vis/near-
IR spectrophotometer. Solution and solid state absorption spectra were obtained from dilute (107
M) polymer solutions in chloroform and as thin films on glass substrates, respectively.

Fabrication and Characterization of Field-Effect Transistors. OFETs with bottom gate/top
contact (BGTC) geometry were fabricated on heavily n doped <100> silicon wafer (0.002-0.004
Q/cm) which served as gate electrode while its 200 nm of thermally grown SiO> served as the
gate dielectric (C=17nF cm™). The wafer surface was cleaned and modified by sequential ultra-
sonication in acetone and isopropanol followed by plasma treatment and surface modification by
octyltrichlorosilane (OTS 8) self-assembled monomer (SAM). For silane modification, the wafer
was spin coated in air with 0.1M solution of OTS 8 in chloroform at 3000 rpm for 10 seconds,
rinsed with toluene and dried at 100° C for 10 minutes. The polymer thin films were fabricated
on the modified substrate by spin coating 8 mg/mL of polymer solutions in chlroform at 2000
rpm for 60 seconds inside the glove box followed by annealing at 200 C for 10 minutes on the
hot plate. The gold source/drain electrodes with channel length (L) of 1000 um and width (W) of
100 pm were deposited by vacuum evaporation through a shadow mask. All the electrical
characteristics of the OFET devices were measured using HP 4145B semiconductor parameter

analyzer in the nitrogen atmosphere.
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223 Results and Discussion

Synthesis and Characterization. The comonomers 2,2’-biselenophene®®, 3,6-dimethyl-
selenolo[3,2-b]selenophene®” and benzo[1,2-b:4,5-b ]diselenophene®® were synthesized by
following the known literature procedures. 2,2’-Biselenophene was synthesized from the
lithiated selenophene by copper (CuClz) mediated coupling reaction, and used in stannylation to
get 5,5’-bis(trimethylstannyl)-2,2’-biselenophene. 3,6-Dimethyl-selenolo[3,2-b]selenophene was
synthesized by the known one-pot synthesis procedure of 2,5-dimethyl-3-hexyne-2,5-diol with
selenium.®’” The reaction was done under dried conditions without any solvent to maximize the
temperature and pressure without using an autoclave reactor which may explain the lower yield
(6.8 %) compared to the 16 % yield obtained in a reaction carried in an autoclave reactor.’” Since

3,6-dimethyl-selenolo[3,2-b]selenophene was known to be easily over brominated on the methyl
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Scheme 4. Synthesis of poly(naphthalene diimides) (PNDIs).

position with the reported procedure, which run the reaction at room temperature for 3 hours,*
ran the reaction at 0 C for 2 hours to avoid undesired over brominated by-products. In the case
of benzo[1,2-b:4,5-b "]diselenophene monomer synthesis, which includes ring-closing reaction
with selenium of lithiated 1,4-dibromo-2,5-bis(2-trimetylsilylethynyl)benzene and desilylation,

all reactions were straight forward with moderate yield of 40 %. After stannylation, all of the
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final monomers, 5,5’-bis(trimethylstannyl)-2,2’-biselenophene, 2,5-bis(trimethylstannyl)-3,6-
dimethyl-selenolo[3,2-b]selenophene and 2,6-bis(trimetylstannyl)benzo[1,2-b:4,5-
b’diselenophene were recrystallized in methanol or ethanol, and used in polymerization.

The new PNDIs were synthesized by Stille coupling copolymerization of 4,9-dibromo-
2,7-bis(2-decyltetradecyl)benzo[Ilmn][3,8]phenanthroline-1,3,6,8-tetraone with various
selenophene derivatives in the presence of Pdx(dba); and P(o-tolyl); in chlorobenzene solvent
(Scheme 4). At the end of the Stille coupling synthesis of PNDIBS, the end-capping reaction to
obtain ePNDIBS was carried by adding bromobenzene and tributyltinbenzene sequentially. All
the PNDIs were readily soluble ( > 30 mg/mL) in common organic solvents, including
chloroform, toluene and chlorobenzene at room temperature, and their molecular structures were
verified by '"H NMR. Gel permeation chromatography (GPC) against polystyrene standard in
chlorobenzene at 60 °C was performed to investigate molecular weight and polydispersity index
(PDI) of the PNDIs. The weight-averaged molecular weight (My) varied from 12.3 kDa in
PNDISS to 106.5 kDa in ePNDIBS, and PDI was 1.1-2.6 (Table 4). Thermogravimetric analysis
(TGA) gave the decomposition temperature (Tq) in the range of 400-430 °C (Table 4), which
indicates good thermal stability of the PNDIs. The differential scanning calorimetry (DSC) scan
of PNDIs did not show any distinct transition up to 350 °C.

Table 4. Molecular Weight and Thermal Stability of PNDIs.

M M) M, M, T

copolymer ) (kDa) (°C)
PNDISS 123 107 1.1 400

PNDIBDS 270 135 2.0 430
ePNDIBS 1065  40.1 2.6 420

“ Molecular weights were determined by GPC using polystyrene standards. ° Onset decomposition
temperature measured from TGA under nitrogen.
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Electronic Structure and Optical Properties. The electronic structure of the PNDIs containing
selenophene derivatives (PNDISS, PNDIBDS, ePNDIBS), as characterized by the electron
affinity (EA), ionization potential (IP) and optical band gap were investigated by cyclic
voltammetry (CV) and optical absorption spectroscopy of thin films. The EA and IP and related
LUMO/HOMO evergy levels were estimated from the onset reduction potential (EA = eEreq™
(vs SCE) + 4.64 eV) and onset oxidation potential (IP = eEox"™" (vs SCE) + 4.64 e¢V); where the
reference electrode (vs Fc/Fc*) relative to vacuum is taken to be 4.8 eV.*’ The CV reduction
waves of thin films on platinum electrodes (Figure 8) were characterizaed by two quasi-
reversible peaks, which correspond to the sequential formation of the negative polarons and
negative bipolarons of the PNDI semiconducting polymer. The observed EA values for the 3
polymers (Table 5) were identical at 3.9 eV, in accord with the central role of the common NDI
moiety in the copolymer repeating unit. It is noteworthy that the electron affinity of the present
PNDIs containing selenophene derivatives is 0.1-0.2 eV larger compared to thiophene

derivative- based PNDIs.»
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Figure 8. Cyclic voltammogram of ePNDIBS thin film on a Pt electrode in 0.1 M BusNPFs

solution in acetonitrile at a scan rate of 50 mV s’
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Cyclic voltammetry scans of the tree PNDIs up to 2.5 V (vs SCE) did not show
oxidation wave except ePNDIBS. The IP value obtained from the onset oxidation potential of
ePNDIBS was 5.90 eV. This value is larger compared to bithiophene-NDI copolymer which has
an IP of 5.77 eV.% The larger IP of ePNDIBS compared to the corresponding bithiophene-
containing PNDI implies that biselenophene is a weaker electron donating moiety than
bithiophene. Given that biselenophene is a stronger electron donating moiety than
selenoloselenophene and benzodiselenophene, we expect the IP values of PNDISS and

PNDIBDS to be larger than that of ePNDIBS.
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Figure 9. Optical absorption spectra of PNDIs in dilute chloroform solution (a) and as thin films

on glass substrates (b).

The optical absorption spectra of the PNDIs in dilute (10° M) chloroform solution and as
thin films on glass substrates are shown in Figure 9. Two distinctive absorption bands, a higher
energy band which can be assigned as a m—=n* transition band and an intramolecular charge
transfer (ICT) band in lower energy range, are observed in each polymer.*! In dilute solution, the
absorption maximum (Amax) of the m—n* transition band varied from 309 nm in PNDIBDS to 388

nm in ePNDIBS while the ICT band peak varied from 560 nm in PNDIBDS to 675 nm in

55



ePNDIBS. The absorption bands of ePNDIBS are red-shifted compared to those of PNDISS and
PNDIBDS due to the stronger electron donating nature of biselenophene moiety compared to the
other two. The thin film absorption spectra are very similar to the solution spectra in that they are
characterized by the two bands. However, the thin film absorption bands are red-shifted and the
intensity of ICT bands is enhanced compared to the corresponding absorption bands in dilute
solution. This can be explained by the increased conjugation length and intermolecular
interaction between polymer chains in the solid state. The Amax of the m—n* transition band and
ICT band in thin films are in the range of 333-399 nm and 537-725 nm, respectively. In the case
of PNDIBDS, its ICT bands in solution and solid state are relatively weak due to the relatively
weak electron donating nature of benzodiselenophene. The absorption edge energy band gap
(Eg") varied from 1.4 eV in ePNDIBS to 1.72 €V in PNDISS (Table 5).

Table 5. Electrochemical and Optical Properties of PNDIs.

copolymer EA® TP’ E Amax” — Omax’ E™
poty (eV) (V) (eV) (nm) (nm) 10*em™)  (eV)
PNDISS 3.89 - - 361,594 359, 644 2.70 1.72
PNDIBDS 3.90 - - 309, 560 333, 537 2.56 1.55
ePNDIBS 390 590 2.00 388,675 399,725 342 1.40

“ Electron affinity was obtained based on EA = eE.® (vs SCE) + 4.64 V. ” lonization potential was
obtained based on IP = eE,°"' (vs SCE) + 4.64 eV. “ The absorption maximum in dilute solution. ¢ The
thin film absorption maximum. * Absorption coefficient at the absorption maximum.

The observed thin film absorption spectrum of ePNDIBS is both red-shifted (~20 nm)
and broadened compared to the corresponding NDI-bithiophene copolymers.>** This is likely a
result of both the stronger ICT and stronger intermolecular interactions of selenophene derivative
compared to the thiophene derivative.*3* Although there are no exact corresponding thiophene-
based copolymers as PNDISS and PNDIBDS, it can be expected that PNDISS and PNDIBDS

have similarly red-shifted and broader optical absorption bands. These features can be a great
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advantage in optoelectronic applications of the materials. Absorption coefficient of the PNDIs
was also measured and it is shown in Table 5. The absorption coefficient (o) was in the range of
2.6x10% - 3.4:10* cm™ which is lower than the p-type polymer poly(3-hexylthiophene) (P3HT)
(>10% cm™). The low o value is a result of the large alkyl side chains of the PNDIs and thus could

be increased by shortening the side chains.
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Scheme 5. Lamellar crystalline packing structure of PNDIs.

X-ray Diffraction (XRD) Analysis. The solid state morphology and particularly the lamellar
crystalline structure of the series of PNDIs were investigated by X-ray diffraction (XRD)
analysis. The XRD patterns of solution cast films of the polymers are shown in Figure 10.
Observation of a sharp and intense characteristic (100) reflection in the XRD pattern of each
polymer means that all the PNDIs self-organize into a lamellar crystalline structure illustrated in
Scheme 5. The (100) lamellar diffraction peak of the PNDIs was observed at 260 = 3.40° in
ePNDIBS, at 26 = 3.60° in PNDISS, and at 26 = 3.25° in PNDIBDS with a corresponding do
spacing that varies from 24.51 A in PNDISS to 27.15 A in PNDIBDS. The lamellar packing
distance d;oo is significantly shorter than expected from the alkyl chain length of 43.12 A (2x
Ci4), and thus we conclude that there is interdigitation of the alkyl side chains between the

polymer backbone (Scheme 5). A shorter interchain distance (d;0) is in PNDISS compared to
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ePNDIBS, which can be explained by the larger torsion angle of polymer backbone due to strong
steric hindrance between the large NDI core and the much smaller selenoloselenophene ring.
Similarly, the dioo spacings in ePNDIBS and PNDISS are much smaller than in PNDIBDS for
the same reasons. Similar trends have been found in thiophene derivative-linked PNDIs as
well.? The (200) diffraction peaks at 20 = 6.65° 7.10° and 6.60° in ePNDIBS, PNDISS and
PNDIBDS, respectively, were also observed, in the XRD patterns (Figure 10), indicating that

these polymers are highly crystalline.

> o PNDISS{ > 'O PNDIBDS | > 1O ePNDIBS 1
) ‘a | ] @ [ ]
2 ost (a) 1 § 0.8 (b) § 0.8 (c)
£ o6} ] E os} £ 46l
© ° s
8 o4} 4 8 o4} & o4}
£ o2} LW__ ] € o2} g o2}
S S 5
Z 0.0p oooonood Z 0.0 = 0.0}

05 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30

2Theta (Degree) 2Theta (Degrees) 2Theta (Degree)

Figure 10. XRD patterns of thin films of PNDIs on glass substrates.
The n—r stacking (010) diffraction was observed as a broad peak at 20 = 22.35° 20.0°

and 22.3°in ePNDIBS, PNDISS and PNDIBDS, corresponding to do;o spacing to 3.97 A, 4.43 A
and 3.98 A, respectively. These m-stacking distances are comparable with those reported for
other PNDIs (~ 4.0 A).2° It is interesting that there is a large dependence of the n—m stacking
distance on the comonomer selenophene derivative. Both ePNDIBS and PNDIBDS have a 0.45-
0.46 A shorter n—m stacking distance compared to PNDISS (Scheme 5). The much larger n—n
stacking distance of PNDISS is a consequence of both the methyl side chains on the comonomer
selenoloselenophene (SS) and its overall small size compared to NDI which induce a larger
tortion angle between NDI rings in the polymer backbone. In the case of ePNDIBS, the n—n

stacking peak is sharper and more intense compared to PNDIBDS, and this indicates higher
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crystallinity of ePNDIBS. The higher molecular weight of ePNDIBS is likely the reason for its
higher crystalline order among the three polymers.

These features of the lamellar crystalline structure of copolymers of NDI and
selenophene derivatives, especially the observed large dependence of the lamellar interchain
distance d;00 and m-stacking distance do;o on the structure of the selenophene derivatives, have no
precedence in the related thiophene analogues. For example, NDI-thienothiophene and NDI-
bithiophene copolymers were found to have a similar n-stacking distance of 3.9-4.0 A in a
previous study.? The difference in interchain packing distance d;o0 in PNDISS and ePNDIBS
found here to be 1.44 A is much shorter in the corresponding NDI-thienothiophene/bithiophene
copolymer pair (1.1 A). We propose that this differrence in molecular packing trends of the NDI-
selenophene derivatives relative to the NDI-thiophene derivatives can be accounted for by the
much larger orbitals of selenium compared to those of sulfur.>*> Furthermore, we note that the
enhanced intermolecular interactions and higher crystalline order in PNDIs containing
selenophene derivatives could be beneficial to charge transport and optoelectronic properties of

the materials.

ePNDIBS

Figure 11. Output (a) and transfer (b) characteristics of ePNDIBS OFETs.
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Organic Field-Effect Transistors. The field-effect charge transport properties of the PNDIs
containing selenophene derivatives were investigated by fabricating and testing OFETs with
bottom gate/top contact (BGTC) architecture. The field effect mobility in the saturation region
was calculated from the slope of (14)° versus Vgs using the equation: Ias = (W/2L)puC;(Vgs —vt)z,
where Igs is the drain-source current in the saturated region, W/L is the channel width to length
ratio, p is the field-effect mobility, C; is the capacitance per unit area of the dielectric layer (17nF
cm), whereas Vg and Vi are the gate and threshold voltages, respectively. The field effect
mobilities of at least 5 OFET devices were measured and averaged for each polymer.
Representative output and transfer curves are exemplified in Figure 11 for ePNDIBS OFETs.
The average electron mobility, threshold voltage, and on/off current ratio are summarized in
Table 6. The threshold voltage of the n-channel OFETs from ePNDIBS, PNDISS and PNDIBDS
were found to be in the range of 12-15 V, which is close to ideal for the operation and low power
consumption of circuits built from these transistors. The n-channel OFETs generally had high
Ton/Lott ratio in the range of 10* to 10°.

All the OFETs showed typical n-type behavior with well-defined linear and saturation
regions with excellent current modulation in the output and transfer characteristics. OFETs based
on PNDISS showed unipolar n-channel transport characreristics and the average saturation
region electron mobility was 0.008 cm? V! 57! In contrast, ePNDIBS and PNDIBDS devices
showed ambipolar characteristics although the p-channel currents were more than four orders of
magnitude lower than the n-channel currents. A much higher average electron mobility of 0.24
and 0.01 cm? V! 57! for ePNDIBS and PNDIBDS, respectively, was obtained. Among the factors
that could explain the observed trends in the field-effect electron mobility of the series of new

PNDIs (Table 6) are the lamellar crystalline packing, molecular weight, and end capping. The
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similarity of the molecular weights of PNDISS and PNDIBDS (Table 4) suggests that the
smaller n-stacking distance in PNDIBDS likely accounts for its higher carrier mobility in this
group. On the other hand, PNDIBDS (0.398 nm) has a very similar n-stacking distance as in
ePNDIBS (0.397 nm) and yet the latter has a factor of 24 higher electron mobility. In this case,
the higher molecular weight of ePNDIBS and possibly end capping could explain its much
higher electron mobility.

Table 6. Field-effect Charge Transport Properties of PNDIs in n-Channel OFETs.

He Vi

Copolymer (cm? V1 s Lon/Tote v
PNDISS 0.008 103 15
PNDIBDS 0.01 104 15
ePNDIBS 0.24 10° 12

End capping of conjugated polymers is known to dramatically influence their charge
transport and optoelectronic properties. 2 The observed enhancement of the carrier mobilities in
end-capped polymer semiconductors relative to their non-end-capped versions has been
explained in terms of minimization of charge trapping sites.”’ It is thought that end groups
remaining from un-reacted functional groups of the monomers (e.g. Br, Sn(Me3)) or ill-defined
ones after quenching of the polymerization reaction can act as charge trapping sites.”’ End-
capping with well-defined groups such as phenyl could thus minimize or eliminate charge
trapping sites at chain ends. In this context, the presently observed field-effect electron mobility
of 0.24 cm? V! s! for end-capped ePNDIBS is to the compared to previously reported, similarly
measured, electron mobility of 0.07 cm? V! s! for the PNDIBS sample without phenyl end-

capping and very similar molecular weight (Mw = 110.0 kDa, M, = 42.4 kDa, PDI = 2.6).%6 End-
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capping rather than molecular weight thus appears to account for the observed high mobility of
ePNDIBS.

The large (3.4-fold) enhancement of electron mobility in ePNDIBS encouraged us to
also synthesize end-capped versions of PNDISS and PNDIBDS (ePNDISS, ePNDIBDS) for
comparison. However, the field-effect carrier mobilities of ePNDISS and ePNDIBDS were
essentially unchanged from those of PNDISS and PNDIBDS in Table 6 even though the
molecular weight and other properties were very similar. This result is surprising given our
current understanding of end-capping effects on the charge transport properties of n-conjugated
polymers.?? In fact, given that the concentration of end-groups is higher the lower the molecular
weight of the polymer, a greater enhancement in charge transport was expected for ePNDISS and
ePNDIBDS than observed in the high molecular weight ePNDIBS. It is not yet clear whether we
can conclude that end-capping effects are limited to only high molecular weight polymer

semiconductors.

224 Conclusions

New n-type polymer semiconductors incorporating naphthalene diimide (NDI) and
selenophene derivative in a donor-acceptor structure were synthesized by Stille coupling
polymerization. The new poly(naphthalene diimide)s (PNDIs) were obtained with moderate to
high molecular weights (Mw = 12 - 107 kDa) and good solution processability. The optical
properties of the PNDIs are characterized by narrow band gaps (1.4-1.7 eV) and high absorption
coefficients of (2.6-5.5) x10* cm™ at the absorption maxima. The visible-near IR optical
absorption band of the biselenophene-linked PNDI was significantly broadened and red shifted
compared to that of the corresponding bithiophene-linked PNDI. X-ray diffraction analysis of

films of the PNDIs showed that they were highly crystalline, revealing a lamellar interchain
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packing distance of 2.45-2.75 nm and a n-stacking distance of 0.397-0.443 nm depending on the
selenophene derivative in the backbone. Bottom gate and top contact n-channel OFETs
incorporating the new polymers gave field-effect electron mobilities of 0.008 to 0.24 cm? V! s,
We observed a large (3.4-fold) enhancement in the field-effect electron mobility in the phenyl
end-capped high molecular weight NDI-biselenophene copolymer whereas no change was seen

in the carrier mobility of similarly end-capped PNDISS and PNDIBDS materials.
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Chapter 3. N-TYPE POLYMER SEMICONDUCTORS FOR ALL-
POLYMER SOLAR CELLS.

The results in this chapter are reprinted with permission from Hwang, et al. Macromolecules
2012, 45, 9056 (Copyright 2012 American Chemical Society) and Earmme and Hwang, et al. J.

Am. Chem. Soc. 2013,135, 14960 (Copyright 2013 American Chemical Society).

3.1 N-TYPE NAPHTHALENE DIIMIDE-BISELENOPHENE COPOLYMER FOR ALL-

POLYMER SOLAR CELLS

3.1.1 Introduction

Much progress has been made in the development of polymer/fullerene solar cells!'”!
with power conversion efficiency now near 10 %.151% Nevertheless, polymer/polymer bulk

11-23]

heterojunction (BHJ) solar cells! are of increasing interest largely because of the many

(241 on the one hand and potential beneficial advantages of n-type

disadvantages of fullerenes
polymer semiconductors as acceptor materials on the other hand. Although currently less
developed and less efficient, the all-polymer BHJ solar cell composed of a binary blend of a p-
type (donor) polymer and an n-type (acceptor) polymer!!!) was introduced simultaneously with
the polymer/fullerene BHJ solar cell™ in 1995. Areas of potential advantages of
polymer/polymer BHJ solar cells compared to polymer/small molecule systems include: (1)
ready tunability of the electronic structure, charge transport, and optical properties of polymers;
(2) easy formulation of the coating solution and control of its rheological properties and thus
ready achievement of film thinkness in the 150-250 nm range; (3) more predictable and stable

phase-separated morphology arising from the thermodynamics and kinetics of phase separation

of polymer/polymer blends; and (4) enhanced thermo/mechanical properties and durability of
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devices. However, a major challenge in developing all-polymer BHJ solar cells has been the
scarcity of solution processable n-type polymer semiconductors that combine high carrier
mobility with high electron affinity and suitable optical absorption spectra.l!123:25-2%]

Early observation of high field-effect electron mobility (e = 0.1 cm?/Vs) transport in the
n-type polymer, poly(benzimidazobenzophenanthroline) (BBL), was exploited in all-polymer
solar cells with a bilayer architecture exhibiting a power conversion efficiency (PCE) of 1.5 %
under AM1.5 1 sun illumination.'* ¥ Perylene diimide (PDI)-based copolymers of various
backbone compositions have been found to exhibit moderate field-effect electron mobilities
(0.01-0.05 cm?/Vs), leading to all-polymer BHJ solar cells with power conversion efficiency of
about 0.29 % to as high as 2.23 %.[1%!8) More recently, the naphthalene diimide-bithiophene
copolymer, (P(NDIOD-T,)), was shown to exhibit very high electron mobility (> 0.1 cm?/Vs) in
top gate/bottom contact field-effect transistors using various polymeric dielectrics.[®! Initial use
of P(NDIOD-T>) as the acceptor with P3HT as the donor in BHJ devices gave a low PCE of 0.2
%.21: 231 However, the efficeincy of P(NDIOD-T2)/poly(3-hexylthiophene) BHJ solar cells was
improved to 1.4 % with optimized morphology by using a mixed solvent of p-xylene and
chloronaphthalene.*”!

In this chapter, I report the synthesis, properties and application in all-polymer bulk
heterojunction solar cells of a new solution processable n-type copolymer semiconductor based
on alternating naphthalene diimide (NDI) and biselenophene units, poly{[N,N’-bis(2-
decyltetradecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-a/t-5,5’-(2,2’-biselenophene) }
(PNDIBS), whose molecular structure is shown in Figure 1. The new copolymer has a donor-
acceptor (D-A) structure incorporating NDI as the electron acceptor moiety, which is known to

lead to highly regioregular lamellar crystalline morphology and high carrier mobility.[?*>"] We
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o>nYo  PNDIBS

R = 2-decyltetradecyl

Figure 12. Molecular structures of naphthalene diimide-biselenophene copolymer (PNDIBS)
and its bithiophene derivative PNDIBT.

selected biselenophene as the electron donor moiety in the D-A copolymer PNDIBS in view of
the larger p-orbitals of selenium, compared to thiophene, and this can inprove orbital overlap and
increase the charge carrier mobility. The empty orbitals on selenium can also enhance the
electron accepting ability of oligoselenophene and lower the aromaticity of selenophene, which
could facilitate the fine tuning of the electronic structure and optical band gap of the
copolymer.%#1 In addition, Se-Se intermolecular interactions could enhance crystallization and
inter-chain charge transport.?#*) X-ray diffraction of PNDIBS thin films revealed a highly
crystalline structure, resulting in a high electron mobility of 0.07 cm?/Vs as determined by
bottom gate thin film transistors. All-polymer BHJ solar cells comprising PNDIBS as the
acceptor and poly(3-hexylthiophene) (P3HT) as the donor were fabricated and characterized,
showing a power conversion efficiency of 0.9 %. We also synthesized and investigated the well-
known bithiophene-linked polymer, poly{[N,N’-bis(2-decyltetradecyl)-naphthalene-1,4,5,8-
is(dicarboximide)-2,6-diyl]-a/t-5,5’~(2,2’-bithiophene)} (PNDIBT),[*628] also shown in Figure

12for comparison purposes.

3.1.2  Experimental Section
Materials. 4,9-Dibromo-2,7-bis(2-decyltetradecyl)benzo[lmn][3,8]phenanthroline-1,3,6,8-
tetraone was purchased from Solarmer. All other chemicals were purchased from Sigma-Aldrich.
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2,2-Biselenophene. A solution of selenophene (5 g, 38.16 mmol) in anhydrous diethylether was
added into 250 mL round-bottom flask. The flask degassed filled with argon gas before bring it
to 0 °C in a ice bath. Then, 2.5 M butyllithium solution in hexane (15.264 ml, 38.16 mmol) was
added dropwise, and the solution was stirred for an hour at room temperature. After copper (II)
chloride (6.81 g, 50.18 mmol) was added portionwise at -78 °C, the reaction mixture was stirred
overnight at room temperature. The mixture was quenched with ether and filtered. The solid was
washed with water, 1 N HCI aqueous solution, and 5 % sodium hydrogen carbonate aqueous
solution. The solid was purified by column chromatography with hexane and chloroform.
Recrystallization in MeOH provide final product as a yellow solid (2 g; yield = 21 %). '"H NMR
(CDCIl3, 300 MHz, 3): 7.9 (1H), 7.23 — 7.29 (2H).

5,5’-Bis(trimethylstannyl)-2,2’-biselenophene. 2,2-Biselenophene (2 g, 7.69 mmol) was added
into a 250 mL round-bottom flask. Afterwards, 60 mL THF was added under argon. The mixture
was cooled to -78 °C in a dry ice bath and 2.5 M butyllithium solution in hexane (7.69 mL, 19.23
mmol) was added dropwise. After stirring the mixture for an hour at room temperature, 1 M
trimethyltinchloride solution in THF (16.2 mL, 16.2 mmol) was added in one portion at -78 °C.
Dry ice bath was removed after an hour and the mixture was warmed up to room temperature.
After stirring overnight at room temperature, the reaction mixture was poured into water and
extracted with diethyl ether 2 times. The organic phase was dried with sodium sulfate anhydrous
and the solvent was evaporated by vacuum rotary evaporator. After reprecipitation in MeOH,
yellowish white solids were obtained and subsequently used in polymerization without further
purification (286.3 mg; yield = 6.5 %). '"H NMR (CDCI3, 300 MHz §): 7.36 — 7.39 (4H), 0.3 -

0.48 (18H).
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Poly{[N,N’-bis(2-decyltetradecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-a/t-5,5’-
(2,2’-biselenophene)} (PNDIBS). 4,9-Dibromo-2,7-bis(2-
decyltetradecyl)benzo[lmn][3,8]phenanthroline-1,3,6,8-tetraone (536.4 mg, 0.49 mmol), 5,5’-
bis(trimethylstannyl)-2,2’-biselenophene (286.3 mg, 0.49 mmol), Pd>(dba)s (9 mg, 0.01 mmol)
and P(o-tolyl); (12 mg, 0.039 mmol) were added into a 100 mL three-neck round-bottom flask.
The flask equipped with a condenser was then degassed and filled with argon three times.
Afterwards, 27 mL of chlorobenzene was added and degassed and filled with argon three times.
The reaction mixture was refluxed for 72 h under argon. After cooling down to room
temperature, the polymerization mixture was poured and stirred into 200 mL methanol and 5 mL
hydrochloric acid solution for 3 h. The polymer precipitated out as a bluish green solid and was
filtered using a filter paper. The polymer was purified by Soxhlet extraction with methanol,
hexane, and acetone (550 mg; yield = 98.3 %).
Poly{[N,N’-bis(2-decyltetradecyl)-naphthalene-1,4,5,8-is(dicarboximide)-2,6-diyl]-alz-5,5’-
(2,2’-bithiophene)} (PNDIBT). 4,9-Dibromo-2,7-bis(2-
decyltetradecyl)benzo[lmn][3,8]phenanthroline-1,3,6,8-tetraone (400 mg, 0.36 mmol), 5,5’-
bis(tributylstannyl)-2,2’-bithiophene (271.3 mg, 0.36 mmol), Pd2(dba); (7 mg, 0.007 mmol) and
P(o-tolyl)s (9 mg, 0.029 mmol) were added into a 100 mL three-neck round-bottom flask. The
flask equipped with a condenser was then degassed and filled with argon three times.
Afterwards, 22 mL of chlorobenzene was added and degassed and filled with argon three times.
The reaction mixture was refluxed for 72 h under argon. After cooling down to room
temperature, the polymerization mixture was poured and stirred into 200 mL methanol and 5 mL

hydrochloric acid solution for 3 h. The polymer precipitated out as a greenish blue solid and was
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filtered using a filter paper. The polymer was purified by Soxhlet extraction with methanol,
hexane, and acetone (96.2 mg; yield = 87.3 %).

Characterization. The molecular structuer and physical properties of PNDIBS and PNDIBT
were investigated by 'H NMR, gel permeation chromatography (GPC) analysis,
thermogravimetric analysis (TGA) and X-ray diffraction (XRD). 'H NMR spectra at 300 MHz
were recorded on a Bruker-AF300 spectrometer. GPC analysis of the copolymers was performed
on GPC Model 120 (DRI, PLBV400HTViscometer) against polystyrene standards in
chlorobenzene at 60°C. TGA thermograms were obtained on a TA Instruments Q50 TGA at a
heating rate of 20 °C/min under nitrogen gas flow. XRD data were obtained from Bruker D8
Discover with a Cu Ka beam using GADD XRD system, and the samples were prepared by
drop-casting of polymer solutions in chloroform onto glass substrates follwed by annealing at
200 °C for 10 minutes.

Optical and electrochemical properties were investigated by UV-Vis absorption
spectroscopy and cyclic voltammetry. Absorption spectra were measured on a Perkin-Elmer
model Lambda 900 UV/vis/near-IR spectrophotometer. Solution and solid state absorption
spectra were obtained from polymer solutions in chloroform and as thin films on glass substrates,
respectively. Cyclic voltammetry (CV) experiments were done on an EG&G Princeton Applied
Research potentiostat/galvanostat (model 273A) in an electrolyte solution of 0.1 M
tetrabutylammonium hexafluorophosphate (BusNPFs) in acetonitrile at a scan rate of 100 mV/s.
A three-electrode cell was used in this analysis. Platinum wires were used as counter and
working electrodes, and Ag/Ag* (Ag in 0.1 M AgNOj solution, Bioanalytical System, Inc.) was
used as a reference electrode. Ferrocene/ferrocenium was used as an internal standard by running

CV at the end, and this data was used to convert the potential to saturated calomel electrode
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(SCE) scale. The films of the copolymer were coated onto the Pt wires by dipping the wires into
1 wt% polymer solutions in chloroform. Atomic force microscopy (AFM) imaging (5 X 5 um
area) was done using a Dimension 3100 SPM (Veeco) instrument operating in tapping mode.
Fabrication and Characterization of OFETs. Organic field-effect transistor with top-contact,
bottom-gate (TCBG) geometry were fabricated on heavily n doped <100> silicon wafer (0.002-
0.004 Q/cm) which served as gate electrode while a 200 nm thermally grown SiO» served as the
gate dielectric (C=17nF/cm?). The wafer surface was cleaned by sequential ultrasonication in
acetone and isopropanol followed by plasma treatment and surface modification by
octyltrichlorosilane (OTS 8). For silane modification, the wafer was spin coated in air with 0.1M
solution of OTS 8 in chloroform at 3000 rpm for 10 seconds, rinsed with toluene and dried at
110°C for 10 minutes. Each polymer OFET was fabricated on the modified substrate by spin
coating 8 mgml! of polymer solution at 2000 rpm for 60 seconds inside of the glove box
followed by annealing at 200 °C for 10 minutes on the hot plate. The gold source/drain electrodes
with channel length (L) of 1000 um and width (W) of 100 um were deposited by vacuum
evaporation through a shadow mask. All the electrical characteristics of the devices were
measured using HP 4145B semiconductor parameter analyzer in nitrogen atmosphere similar to
our previous reports.[>* 34

Fabrication and Characterization of Solar Cells. A 10 mg/ml PNDIBS solution and 20 mg/ml
P3HT (Rieke Metals, Inc.) solution were prepared in chloroform, respectively. Blends of
P3HT:PNDIBS were prepared by mixing respective solutions at certain weight ratio (1:3 wt:wt).
Solar cells used for photovoltaic and external quantum efficiency (EQE) measurements have a

basic device structure of ITO/PEDOT:PSS/active layer/LiF/Al, where the active layer is a blend

film spin coated from P3HT:PNDIBS blend solution. The ITO-coated glass (10 /L), Shanghai
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B. Tree Tech, China) substrates were cleaned sequentially with acetone, deionized water and
isopropyl alcohol in an ultrasonic bath. The 40 nm PEDOT:PSS (Clevios P VP Al 4083) layer
was spin-coated on top of ITO and dried at 150 °C for 10 min under vacuum. Each blend was
spin-coated on top of the PEDOT:PSS layer for 18 s in a glovebox to make the active polymer
blend layer of ~90 nm. The devices were then annealed at 150 °C for 10 min. The devices were
loaded in a thermal evaporator (BOC Edwards, 306), where a cathode consisting of 1.0 nm LiF
and 80 nm Al was deposited through a shadow mask under high vacuum (8 x 1077 Torr) to

2. The current

produce 4 solar cells per substarte, each with an active area of 9 mm
density—voltage (J—V) curves of solar cells were measured using a HP4155A semiconductor
parameter analyzer under laboratory ambient air conditions. An AMI1.5 illumination at 100
mW/cm? was provided by a filtered Xe lamp and calibrated by using an NREL-calibrated Si
diode. External quantum efficiency (EQE) was measured using a QEX10 solar cell quantum
efficiency measurement system (PV Measurements, Inc.), and was calibrated with a NREL-

certified Si diode before measurement. Further details are given in our previous reports.[s 4% 33

3.1.3 Results and Discussions

2,2’-Biselenophene was synthesized by copper (CuClz) mediated coupling of lithiated
selenophene by following a literature method for the corresponding 2,2’-bithiophene.!** The
yield (21 %) of the unoptimized reaction was lower than the 54 % reported for the synthesis of
2,2’-bithiophene. 5,5’-Bis(trimethylstannyl)-2,2’-biselenophene was synthesized from 2,2’-
biselenophene by stannylation with n-butyllithium and trimethyltin chloride in THF solvent. The
new copolymer, PNDIBS, was synthesized by Stille coupling polymerization of 4,9-dibromo-
2,7-bis(2-decyltetradecyl)benzo[Ilmn][3,8]phenanthroline-1,3,6,8-tetraone  (4,9-dibromo  NDI)

and 5,5’-bis(trimethylstannyl)-2,2’-biselenophene in the presence of Pdx(dba); and P(o-tolyl)s in
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chlorobenzene solvent. The copolymer was readily soluble in common organic solvents,
including chloroform, toluene, and chlorobenzene at room temperature. The molecular structure
was verified by '"H NMR. Gel permeation chromatography (GPC) analysis in chlorobenzene at
60 °C relative to polystyrene standard gave number-averaged molecular weight (M) of 42.4
kDa, weight-averaged molecular weight (My) of 110.1 kDa and thus a polydispersity index
(PDI) of 2.6. Thermogravimetric analysis (TGA) showed that PNDIBS has good thermal
stability with a decomposition temperature (Tq) of 430 °C under nitrogen flow. The differential

scanning calorimetry (DSC) scan of PNDIBS did not show any distinc transition up to 350 °C.
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Figure 13. (a) Cyclic voltammogram of PNDIBS thin film in 0.1 M Bu4NPFs solution in
acetonitrile at a scan rate of 100 mV/s. (b) Schematic illustration of the HOMO/LUMO energy
levels of PNDIBS and PNDIBT.

We estimated the electron affinity (EA) and ionization potential (IP), and thus the
HOMO/LUMO energy levels, of PNDIBS by cyclic voltammetry (CV) of thin films on platinum
(Pt) electrodes. Figure 13a shows the cyclic voltammogram of PNDIBS, revealing quasi-
reversible reduction and oxidation waves. The EA and IP values extracted from the onset redox

potentials were 3.94 and 5.95 eV, respectively. Comparison of the electronic energy levels of
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PNDIBS with those of similarly measured bithiophene-linked copolymer, PNDIBT, is shown in
Figure 13b. The LUMO level of PNDIBS is 0.1 eV lower lying than that of PNDIBT whereas

the HOMO energy level of PNDIBS is 0.05 eV lower.

L] hd L] hd L] hd L]
1.0p ——Solution
=0=Thin film |

Normalized Absorbance

0.0

200 600 800 1000 1200
Wavelength [nm]

Figure 14. Optical absorption spectra of PNDIBS in dilute chloroform solution and as a thin film
on glass substrate.

Optical absorption spectra of PNDIBS in dilute (10® M) chloroform solution and as a thin
film on glass substrate are shown in Figure 14. The copolymer shows two distinctive absorption
bands, which can be assigned as due to a m—n* transition in the case of the higher energy band
(~400 nm) and intramolecular charge transfer (ICT) band (~700 nm).[**) In dilute solution, the
absorption maximum (Amax) of the m—n* transition band was 388 nm whereas the ICT band is
centered at 688 nm. The corresponding absorption peaks in thin film were 395 nm and 722 nm,
showing a significant red shift in the ICT band. The absorption edge optical band gap of
PNDIBS is 1.4 eV. Compared to the known bithiophene-linked copolymer PNDIBT, which has
an optical band gap of 1.5 eV, the ICT band of the new biselenophene-linked copolymer has a
full width at half maximum (FWHM) of 250 nm which is much broader by 50 nm and

potentially better in harvesting more of the NIR light.
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Electron transport properties of PNDIBS thin films was investigated by using bottom
gate/top contact organic field-effect transistors. The devices showed typical n-channel transistor
behavior with well-defined linear and saturation regions with excellent current modulation in the
output and transfer characteristics (Figure 15). The average saturation region field effect
mobility of electrons was calculated to be 0.07 cm?/Vs with on/off current ratio of 10° and a
threshold voltage of 15 V. This electron mobility is comparable to values reported for other NDI-
based n-type polymers under similar botton gate/top contact transistor architectures.[*® 271 A
similar measurement on our PNDIBT sample under identical conditions gave an electron
mobility of 0.04 cm?/Vs with on/off current ratio of 10°. The excellent charge carrier mobility of
the new n-type copolymer PNDIBS makes it a promising material for developing all-polymer

bulk heterojunction organic photovoltaics.
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Figure 15. Output (a) and transfer (b) characteristics of PNDIBS OFETs.

The high electron mobility of PNDIBS can be understood by its favorable solid state
morphology, molecular packing, and crystallinity, which were investigated by X-ray diffraction
(XRD) analysis. As shown in Figure 16, the X-ray diffraction pattern of PNDIBS thin film has a
strong and sharp (100) diffraction peak at 20 = 3.4° with a corresponding d spacing of 25.95 A,

which originates from lamellar planes consisting of edge-on molecular backbones. The (200)
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diffraction peak is seen at 20 = 6.65° and corresponds to d spacing of 13.28 A. The n—n stacking
(010) diffraction is observed as a broad peak at 20 = 22.35° with d spacing of 3.97 A. These
characteristics of the thin film morphology of PNDIBS are very similar to observations for other

NDI copolymers.[2%27]
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Figure 16. XRD pattern of PNDIBS film on glass substrate.

We investigated the photovoltaic properties of all-polymer BHJ solar cells made from
P3HT:PNDIBS blends. The solar cells have the basic device structure of
ITO/PEDOT:PSS/active layer/LiF/Al, where the active layer is a spin-coated film composed of
P3HT:PNDIBS blends with optimal weight ratio of 1:3 wt:wt. The solar cells with an area of 9
mm? were fabricated in a glovebox and tested under AM1.5 solar illumination at 1 sun (100
mW/cm?) in ambient air. The typical photovoltaic parameters, including the open circuit voltage
(Voc), the short-circuit current density (Js), and fill factors (FF) are collected in Table 7.

Only a moderate Vo of 0.47 V was observed in the PSHT:PNDIBS blend solar cells. The
observed short circuit current density of 2.39 mA/cm? was also modest, although it is
comparable to the Js seen in other non-fullerene polymer solar cells.!'!23! The fill factor of these

P3HT:PNDIBS solar cells (0.46) is significantly lower compared with both P3HT:PCBM
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devices (FF ~ 0.60) and other non-fullerene solar cells. The reasons for the low fill factor are not
yet clear but may be related to traps or defects which increase the geminate recombination and
thus reduce the FF value. Further photophysical studies are necessary to clarify the reasons for
the low FF in these PNDIBS-based solar cells. The overall power conversion efficiency (PCE)
achieved in the P3HT:PNDIBS BHJ devices was 0.52%, which is relatively low but comparable
to the efficiency of BHIJ solar cells based on P3HT and naphthalene diimide-bithiophene
copolymer (P(NDIOD-T)) acceptor.?%21:31 P3HT:PNDIBT solar cells, fabricated for
comparison purposes, had a V,c of 0.56 V but had a lower Jic and FF of 2.10 mAcm™ and 0.33,
respectively, giving a maximum PCE of 0.39 %. We note that because of the large difference in
molecular weight between PNDIBS and PNDIBT, a rigorous comparison of the observed
photovoltaic properties cannot be made. Nevertheless, the observed electron mobility and
photovoltaic properties of our PNDIBT sample are comparable to prior reports and thus provide
a useful reference for understanding our related copolymer semiconductor, PNDIBS.

Table 7. Field-effect charge transport and photovoltaic properties of PNDIBS and PNDIBT.

J
Polymer plemsl I, UM e Vo M FF PGEag (PCEna) [
PNDIBS? 0.07 10° 15 2.39 0.47 0.46 0.49 (0.52)
PNDIBS® 0.07 108 15 3.79 0.53 0.44 0.84 (0.88)
PNDIBT 0.04 108 11 2.10 0.56 0.33 0.38 (0.39)

“ Processed from chloroform. ® Processed from chloroform:DIO mixture (99:1 vol:vol).

We tried to optimize the performance of the present PNDIBS-based all-polymer BHJ
solar cells by exploring the use of a processing additive, which has proved to be effective in
optimizing both polymer/fullerene and polymer/non-fullerene acceptor solar cells.[*¢5% We
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fabricated P3HT:PNDIBS (1:3 wt:wt) devices by using chloroform:1,8-diiodooctane (DIO)
mixture (99:1 vol:vol) as the solvent. The current density (J)—voltage (V) curves and the external
quantum efficiency (EQE) spectrum of the resulting P3HT:PNDIBS BHJ devices are shown in
Figure 17. A slightly improved Vo of 0.53 V, fill factor of 0.44, and enhanced Js. of 3.79
mA/cm? combined to give a PCE of 0.88 % (Table 7). This represents a 69 % enhancement in
the photovoltaic conversion efficiency by using DIO as a processing additive. We note that a
very recent paper,l®!l which appeared while this report was in preparation, has similarly found
that a processing additive can be effective in enhancing the performance of all-polymer BHJ
solar cells. The EQE spectrum of the P3HT:PNDIBS device (Figure 17b) shows that the
photoresponse begins at ~900 nm, capturing 19% photons in the wavelength range of 700 — 900
nm that contribute to photocurrent, an important demonstration that the new polymer acceptor

can harvest photons from the near-IR region of the solar spectrum.
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Figure 17. The current density — voltage characteristics (a) under 100 mW/cm? 1.5AM
illumination in air and EQE spectrum (b) of P3HT:PNDIBS (1:3 wt:wt) blend solar cells.
The surface morphology of the P3HT:PNDIBS blend films was investigated by atomic

force microscopy (AFM) imaging. Images with an area of 5 um by 5 um were acquired from the
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RMS roughness

= 1.63 nm

Figure 18. AFM topographical height images (5 x 5 um) and the corresponding 3D height
images of P3HT:PNDIBS (1:3) (a) and P3HT:PNDIBT (1:2) (b) blend films.

actual BHJ solar cells in regions where the cathode material was not deposited. The
topographical and phase images are shown in Figure 7 and Figure S9, respectively. AFM height
image of P3HT:PNDIBS (1:3) blend film clearly shows a two-phase, co-continuous, morphology
reminescent of one obtained by a spinodal decomposition.”?! The bright domains, which also
constitute the elevated phase, have width of 50-150 nm and can be assigned to the PNDIBS-rich
phase while the dark domains or valleys are thus assigned to the P3HT-rich phase, as suggested
by a previous study of blends of the bithiophene-linked copolymer and P3HT using scanning
near-field optical microscopy (SNOM).2Y A high surface roughness of R, = 6.70 nm is measured
(Figure 18). In the phase image of the blend films, a clear microscale phase separation film is
observed on the same scale as that in height image (50 — 150 nm). Comparing the phase and
height images of P3HT:PNDIBS blend film, we conclude that the bright domains in the phase
image are PNDIBS-rich domains and the darker domains are P3HT-rich domains. In contrast, the

AFM height image of P3HT:PNDIBT (1:2) blend film shows a much more homogeneous
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morphology, with large aggregates of PNDIBT-rich domains on top and fiber-like P3HT-rich
domains underneath. The corresponding surface roughness R. is reduced significantly to 1.63
nm, indicating a much smoother surface. We note that the observed significant difference in the
surface morphology of PNDIBS and PNDIBT blend films may be due to the different

polymer:polymer blend ratios.

3.14 Conclusions

I have synthesized a new solution-processable, high molecular weight, naphthalene
diimide-biselenophene (PNDIBS) copolymer for use as an electron acceptor (n-type) in all-
polymer BHJ solar cells. The new n-type copolymer semiconductor PNDIBS combined a highly
ordered lamellar crystalline morphology with a high field-effect electron mobility of 0.07 cm?/Vs
in thin films. Compared to the known naphthalene diimide-bithiophene copolymer, PNDIBS has
a smaller optical band gap (1.4 eV) and a visible-near IR absorption band whose full width at
half maximum is 50 nm broader. All-polymer BHJ solar cells incorporating the new copolymer
PNDIBS as the acceptor and P3HT as the donor were fabricated and shown to have a power
conversion efficiency of 0.9 % with a moderate open circuit voltage (0.53 V) and photocurrent

(3.79 mA/cm?).
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3.2 ALL-POLYMER SOLAR CELLS BASED ON NAPHTHALENE DIIMIDE-

SELENOPHENE COPOLYMER ACCEPTOR

3.2.1 Introduction

Solution-processed organic photovoltaic devices are promising low cost solar energy
technologies.! Much progress has been made in developing polymer/fullerene solar cells in the
last decade, with efficiencies now approaching 10 %.? In contrast, the performance of all-
polymer solar cells, composed of both donor and acceptor polymers and free of fullerenes, has
remained relatively low with no significant advance in the same period.> All-polymer active
layers of solar cells have potential advantages over polymer/fullerene systems, including
enhanced absorption coefficients, increased photovoltage, superior photochemical, thermal, and
mechanical robustness, and facile control of solution viscosity and industrial coating process.
Perylene diimide (PDI) and naphthalene diimide (NDI) have been the most widely explored
building blocks®* in the design and investigation of acceptor (n-type) polymers for all-polymer
solar cells.>* A PDI-based acceptor polymer in combination with polythiophene derivatives has
produced bulk heterojunction (BHJ) solar cells with a power conversion efficiency (PCE) of 2.23
%.3" An NDI-bithiophene copolymer (PNDI2OD-T2) with very high field-effect electron
mobilities (0.1 - 0.85 cm?/Vs) and moderate bulk electron mobility (~ 10 cm?/Vs) has so far
shown only low efficiencies of 0.2 - 1.4 % PCE in BHJ solar cells using P3HT donor
polymer.**3! Among acceptor polymers in BHJ solar cells, a benzothiadiazole-fluorene
copolymer has the highest PCE (2.7 %) reported to date.** The short circuit current density (Jy <
6.3 mA/cm?) and external quantum efficiency (EQE < 43 %) obtained to date in all-polymer

solar cells® have also been far lower than in polymer/fullerene devices.!*?
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Figure 19. (a) Molecular structures of acceptor (PNDIT, PNDIS, and PNDIS-HD) and donor
(PSEHTT) polymers. (b) UV-vis absorption spectra of PNDIT, PNDIS, and PNDIS-HD. (c)
LUMO/HOMO energy levels of PNDIT, PNDIS, PNDIS-HD, PCs0BM, and PSEHTT.

In this chapter, I report all-polymer solar cells with 3.3% PCE enabled by a novel
polymer/polymer blend system composed of a new NDI-selenophene copolymer acceptor and a
thiazolothiazole-dithienylsilole copolymer donor. Three n-type polymer semiconductors,
including an NDI-thiophene copolymer (PNDIT) and two new NDI-selenophene copolymers
(PNDIS, PNDIS-HD) whose molecular structures are shown in Figure la, are investigated as
electron acceptors in BHJ solar cells for the first time. We show that these NDI-based
copolymers exhibit unipolar electron transport with high field-effect and bulk mobilities. The
donor polymer, poly[(4,4'-bis(3-(2-ethyl-hexyl)dithieno[3,2-b:",3"-d]silole)-
2,6-diyl-alt-(2,5-bis-(3-(2-ethylhexyl)thiophen-2- yl)thiazolo[ 5,4-d]thiazole)] (PSEHTT, Figure 19a)
has been previously shown to be a promising electron donor and hole-conducting material in

polymer/fullerene BHJ solar cells.” The morphology of the polymer/polymer blends was imaged

88



by atomic force microscopy (AFM). Charge transport in the active layer blends was investigated
by organic field-effect transistors (OFETs) and space-charge-limited current (SCLC)
measurements. Finally, we show that the all-polymer solar cells can be as efficient as the

similarly evaluated PCsoBM/PSEHTT BHIJ devices.

3.2.2  Experimental Section

Synthesis.

2,5-Dibromoselenophene. Selenophene (5 g, 0.038 mol) was added into a 250 mL round-bottom
flask. The flask was purged with argon before adding 100 mL of chloroform as a solvent.
Afterward, NDS (13.575 g, 0.076 mol) was added in three portions. After stirring the mixture
overnight at room temperature in the dark, the reaction was quenched by adding water. The
crude product was extracted with chloroform, and purified by column chromatography with
hexane. Slightly yellow oil was obtained and used in next step without further purification. 2,5-
Dibromoselenophene (7.5 g, 68.3 %), 'H NMR (CDCls, 300 MHz): § (ppm) 7.02 (2H).
2,5-Bis(trimethylstannyl)selenophene. 2,5-Dibromoselenophene (2 g, 6.92 mmol) was added
into a 250 mL round-bottom flask. Afterwards, 50 mL of THF was added under argon
atmosphere. The mixture was cooled to -78 °C in a dry ice bath and 2.5 M butyllithium solution
in hexane (6.1 mL, 15.23 mmol) was added dropwise. After stirring the mixture for an hour at -
78 °C, 1 M trimethyltinchloride solution in THF (15.9 mL, 15.9 mmol) was added in one portion
at -78 °C. Dry ice bath was removed after 5 min and the mixture was warmed up to room
temperature. After stirring overnight at room temperature, the reaction mixture was poured into
water and extracted with diethyl ether two times. The organic phase was dried with sodium
sulfate anhydrous and the solvent was evaporated by using a vacuum rotary evaporator. After

reprecipitation in MeOH, a white solid was obtained and subsequently used in polymerization
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without further purification (500 mg; yield = 15.8 %). '"H NMR (CDCls, 300 MHz): § (ppm) 7.72
(2H), 0.3 - 0.48 (18H). Melting point (7m): 122 °C.

2,5-Bis(trimethylstannyl)thiophene. 2,5-Dibromothiophene (1.5 g, 6.2 mmol) was added into a
250 mL round-bottom flask. Afterwards, 40 mL of THF was added under argon atmosphere. The
mixture was cooled to -78 °C in a dry ice bath and 2.5 M butyllithium solution in hexane (5.95
mL, 14.88 mmol) was added dropwise. After stirring the mixture for an hour at -78 °C, 1 M
trimethyltinchloride solution in THF (15.5 mL, 15.5 mmol) was added in one portion at -78 °C.
Dry ice bath was removed after 5 min and the mixture was warmed up to room temperature.
After stirring overnight at room temperature, the reaction mixture was poured into water and
extracted with diethyl ether two times. The organic phase was dried with sodium sulfate
anhydrous and the solvent was evaporated by using a vacuum rotary evaporator. After
reprecipitation in MeOH, a white solid was obtained and subsequently used in polymerization
without further purification (1 g; yield = 39.2 %). 'H NMR (CDCls, 300 MHz): § (ppm) 7.46
(2H), 0.34 - 0.52 (18H). Melting point (7m): 95 °C
Poly{[N,N’-bis(2-decyltetradecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5 -
selenophene)} (PNDIS). 4,9-Dibromo-2,7-bis(2-decyltetradecyl)benzo[lmn][3,8]phenanthroline-
1,3,6,8-tetraone (480.6 mg, 0.44 mmol), 2,5-bis(trimethylstannyl)selenophene (200 mg, 0.44
mmol), Pdx(dba); (8 mg, 0.0088 mmol) and P(o-tolyl)s (10.7 mg, 0.035 mmol) were added into a
100 mL three-neck round-bottom flask. The flask equipped with a condenser was then degassed
and filled with argon three times. Afterwards, 22 mL of chlorobenzene was added and degassed
and filled with argon three times. The reaction mixture was refluxed for 72 h under argon. After
cooling down to room temperature, the polymerization mixture was poured and stirred into 200

mL methanol and 5 mL hydrochloric acid solution for 3 h. The polymer precipitated out as a
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dark reddish purple solid and was filtered using a filter paper. The polymer was purified by
Soxhlet extraction with methanol, hexane, and acetone. PNDIS (365 mg; yield = 81.9 %), 'H
NMR (CDCl3, 300 MHz): d (ppm) 9.1 (2H), 7.7 (2H), 4.2 (4H), 2.1 (2H), 0.9-1.5 (92H). GPC:
Mw = 31.5 kDa, Mn = 26.1 kDa, PDI = 1.2. TGA: Tq=415 °C.
Poly{[N,N’-bis(2-hexyldexyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5 -
selenophene)} (PNDIS-HD). 4,9-Dibromo-2,7-bis(2-
hexyldecyl)benzo[lmn][3,8]phenanthroline-1,3,6,8-tetraone (200 mg, 0.23 mmol), 2,5-
bis(trimethylstannyl)selenophene (104.6 mg, 0.23 mmol), Pdx(dba); (4.2 mg, 0.0046 mmol) and
P(o-tolyl)s (5.6 mg, 0.0184 mmol) were added into a 100 mL three-neck round-bottom flask. The
flask equipped with a condenser was then degassed and filled with argon three times.
Afterwards, 10 mL of chlorobenzene was added and degassed and filled with argon three times.
The reaction mixture was refluxed for 72 h under argon. After cooling down to room
temperature, the polymerization mixture was poured and stirred into 200 mL methanol and 5 mL
hydrochloric acid solution for 3 h. The polymer precipitated out as a dark reddish purple solid
and was filtered using a filter paper. The polymer was purified by Soxhlet extraction with
methanol, hexane, and acetone. PNDIS-HD (165 mg; yield = 82.3 %), 'H NMR (CDCls, 300
MHz): d (ppm) 9.15 (2H), 7.8 (2H), 4.2 (4H), 2.05 (2H), 0.8-1.5 (60H). GPC: Mw = 177.9 kDa,
Mn = 79 kDa, PDI = 2.3. TGA: Tq= 400 °C.
Poly{[N,N’-bis(2-decyltetradecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5 -
thiophene)} (PNDIT). 4,9-Dibromo-2,7-bis(2-decyltetradecyl)benzo[lmn][3,8]phenanthroline-
1,3,6,8-tetraone (350 mg, 0.32 mmol), 2,5-bis(trimethylstannyl)thiophene (130.7 mg, 0.32
mmol), Pdx(dba)s (5.84 mg, 0.0064 mmol) and P(o-tolyl); (7.77 mg, 0.026 mmol) were added

into a 100 mL three-neck round-bottom flask. The flask equipped with a condenser was then
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degassed and filled with argon three times. Afterwards, 15 mL of chlorobenzene was added and
degassed and filled with argon three times. The reaction mixture was refluxed for 72 h under
argon. After cooling down to room temperature, the polymerization mixture was poured and
stirred into 200 mL methanol and 5 mL hydrochloric acid solution for 3 h. The polymer
precipitated out as a dark reddish purple solid and was filtered using a filter paper. The polymer
was purified by Soxhlet extraction with methanol, hexane, and acetone. PNDIT (310 mg; yield =
92.3 %), 'H NMR (CDCls, 300 MHz): d (ppm) 9.0 (2H), 7.5 (2H), 4.2 (4H), 2.1 (2H), 0.8-1.45
(92H). GPC: Mw = 31.6 kDa, Mn = 23.9 kDa, PDI = 1.3. TGA: T4= 430 °C.

Characterization. The molecular structure and physical properties of PNDIBS and PNDIBT
were investigated by 'H NMR, gel permeation chromatography (GPC) analysis,
thermogravimetric analysis (TGA), and X-ray diffraction (XRD). 'H NMR spectra at 300 MHz
were recorded on a Bruker-AF300 spectrometer. GPC analysis of the copolymers was performed
on GPC Model 120 (DRI, PLBV400HT viscometer) against polystyrene standards in
chlorobenzene at 60 °C. TGA thermograms were obtained on a TA Instruments Q50 TGA at a
heating rate of 20 °C/min under nitrogen gas flow. XRD data were obtained from Bruker D8
Discover with a Cu Ka beam using GADD XRD system, and the samples were prepared by
drop-casting of polymer solutions in chloroform onto glass substrates followed by annealing at
200 °C for 10 min. Optical and electrochemical properties were investigated by UV-vis
absorption spectroscopy and cyclic voltammetry. Absorption spectra were measured on a
PerkinElmer model Lambda 900 UV/vis/near-IR spectrophotometer. Solution and solid state
absorption spectra were obtained from polymer solutions in chloroform and as thin films on glass
substrates, respectively. Cyclic voltammetry (CV) experiments were done on an EG&G

Princeton Applied Research potentiostat/galvanostat (model 273A) in an electrolyte solution of
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0.1 M tetrabutylammonium hexafluorophosphate (BusNPFs) in acetonitrile at a scan rate of 100
mV/s. A three-electrode cell was used in this analysis. Platinum wires were used as counter and
working electrodes, and Ag/Ag” (Ag in 0.1 M AgNOs solution, Bioanalytical System, Inc.) was
used as a reference electrode. Ferrocene/ferrocenium was used as an internal standard by running
CV at the end, and this data was used to convert the potential to saturated calomel electrode
(SCE) scale. The films of the copolymer were coated onto the Pt wires by dipping the wires into
1 wt % polymer solutions in chloroform.

Fabrication and Characterization of Inverted Solar Cells. Solar cells with the inverted device
structure of ITO/ZnO/active layer/MoO3/Ag were fabricated. ITO/glass substrates were cleaned
sequentially in ultrasonic baths of acetone, deionized water, and 2-propanol, and then dried at 60
°C in a vacuum overnight. ITO/glass substrates were treated with oxygen plasma before use.
Zinc oxide (ZnO) precursor was prepared as reported in the literature, spin-coated on top of the
ITO and annealed at 250 °C for 1 hr in air. The ZnO film thickness was approximately 30 nm
which is confirmed by using a profilometer. The active layer was then spin-coated from the
polymer mixture solution to make a thin film of 60 nm thickness and thermally annealed at 150
°C for 10 min in a glovebox. The substrates were then loaded in a thermal evaporator (BOC
Edwards, 306) to deposit an anode composed of thin layer of 7.5 nm MoO3; and 100 nm Ag
under high vacuum (8 x 1077 Torr). Five solar cells, each with an active area of 4 mm?, were
fabricated per ITO substrate. The current density—voltage (J—F) curves of solar cells were
measured using a HP4155A semiconductor parameter analyzer under laboratory ambient air
conditions. An AM1.5 illumination at 100 mW/cm? was provided by a filtered Xe lamp and
calibrated by using an NREL-calibrated Si diode. The external quantum efficiency (EQE) was

measured using a QEX10 solar cell quantum efficiency measurement system (PV Measurements,
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Inc.) and was calibrated with a NREL-certified Si diode before measurement. Film thickness was
measured by an Alpha-Step 500 profilometer (KLA-Tencor, San Jose, CA). AFM
characterization of surface morphology was done on a Veeco Dimension 3100 Scanning Probe
Microscope (SPM) system. The AFM images were directly measured on the same devices used
for J-V characterization.

Fabrication and Characterization of Field-Effect Transistors. Organic field effect transistors
(OFETs) with top-contact, bottom-gate geometry were fabricated on heavily n doped <100>
silicon wafer (0.002-0.004 Q/cm) which served as gate electrode while its 200 nm of thermally
grown SiO, served as gate dielectric (C = 17nF/cm?). The wafer surface was cleaned and
modified with sequential ultrasonication in acetone and isopropanol followed by plasma
treatment and surface modification by octyltrichlorosilne (OTS-8). For silane modification, the
wafer was spin coated in air with 0.1 M solution of OTS-8 in chloroform at 3000 rpm for 10
seconds, rinsed with toluene and dried at 110 °C for 10 minutes. The PNDIs based
semiconductor polymers were fabricated on the modified substrate by spin coating 8 mg/mL of
polymer solution at 2000 rpm for 60 seconds inside of the glove box followed by annealing at
2000 °C for 10 minutes on the hot plate. The gold source/drain electrodes with channel length (L)
of 1000 um and width () of 100 um were deposited by vacuum evaporation through a shadow
mask. All the electrical characteristics of the OFET devices were measured using HP 4145B
semiconductor parameter analyzer in nitrogen atmosphere.

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 electron mobility was extracted by fitting the J-V

curves in the near quadratic region according to the modified Mott-Gurney equation.
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3.2.3 Results and Discussion

PNDIT and PNDIS were synthesized by Stille coupling copolymerization of 4,9-dibromo-2,7-
bis(2-decyltetradecyl)benzo[Imn][3,8]-phenanthroline-1,3,6,8-tetraone with 2,5-
bis(trimethylstannyl)thiophene and 2,5-bis(trimethylstannyl)selenophene, respectively, in the
presence of Pdx(dba); and P(o-tolyl)s in chlorobenzene solvent. PNDIS-HD was similarly
synthesized as PNDIS using 4,9-dibromo-2,7-bis(2-hexyldecyl)benzo[lmn][3,8]-phenanthroline-
1,3,6,8-tetraone with shorter 2-hexyldecyl (HD) side chain. The monomer and copolymer
molecular structures were confirmed by 'H NMR. The number average molecular weight (M,)
of PNDIT and PNDIS was 23.9 and 26.1 kDa with polydispersity index (PDI) of 1.3 and 1.2,
respectively. PNDIS-HD had a much higher M, of 79.0 kDa with a PDI of 2.3. These polymers
had onset decomposition temperature (Tq) of 400 - 430 °C.

Table 8. Molecular Weight, Thermal Stability, Photophysical, and XRD Properties of NDI-

copolymers.
M, M, T E, d d,
Polymer PDI ‘ — Dmax ™ ¢ 10 o
(kDa)  (kDa) (O V) (A (A)
PNDIT 31.5 23.9 1.3 430 326,542 341,598 1.77 2486  4.20
PNDIS 31.6 26.1 1.2 415 341,556 353,621 1.70 2292 4.16

PNDIS-HD 177.9 79.0 23 400 341,556 351,614 1.65 2153 4.6

X-ray diffraction (XRD) analysis of solution-cast films of PNDIT, PNDIS, and PNDIS-HD
revealed lamellar crystallinity with intense (100) peak. A lamellar d-spacing (di00) of 24.86 A,
22.92 A and 21.53 A, respectively, was observed for PNDIT, PNDIS, and PNDIS-HD. The
shorter dioo spacing compared to the alkyl chain length (2 x 14 C) of 43.12 A indicates
interdigitation of the alkyl chains. As expected, PNDIS-HD has a smaller dioo value compared to
the other two polymers with 2-decyltetradecyl side chains. The shorter dioo spacing of PNDIS
compared to PNDIT is due to a larger torsion angle between NDI and selenophene moieties,
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which is a consequence of the larger Se orbitals compared to S. The observed n- m stacking
distance (do10) of 4.16 A in PNDIS and PNDIS-HD and 4.2 A in PNDIT are comparable with
values seen in other NDI-based copolymers (~ 4.0 A).®

Optical absorption spectra of PNDIT, PNDIS, and PNDIS-HD thin films (Figure 19b) and
dilute (~ 10 M) CHCIs solutions show two distinctive absorption peaks, one due to m- m*
transition at 340 - 360 nm and the other centered at 598 - 621 nm, which is a result of
intramolecular charge transfer (ICT) (Table 8). It is interesting that the selenophene-linked
polymers, PNDIS and PNDIS-HD, have slightly smaller band gaps and broader full-width-at-
half-maximum (fwhm) in the ICT bands, which imply potentially better near-infrared light
harvesting compared to the thiophene-linked PNDIT. At their visible absorption maxima of 598 -
621 nm, all three NDI copolymers have an absorption coefficient (o)) of (2.7 - 2.9) x 10*cm™. In
contrast, an absorption coefficient of 1.1 x 10° cm™! is observed at the absorption maximum (584
nm) of the donor polymer (PSEHTT). The lowest unoccupied and highest occupied molecular
orbitals (LUMO/HOMO) energy levels of the NDI copolymers along with those of PCsoBM’ and
PSEHTT® are shown in Figure lc. The LUMO energy levels of the NDI copolymers were
estimated from cyclic voltammetry while the corresponding HOMO energy levels were obtained
from the LUMO levels and the optical band gaps.

Electron transport properties of PNDIT, PNDIS, and PNDIS-HD thin films were characterized
by using organic field-effect transistors (OFETs) with bottom gate / top contact geometry. The
OFETs showed only n-channel transistor behavior with unipolar electron transport. The average
saturated region field-effect electron mobilities of PNDIT, PNDIS, and PNDIS-HD were 2 x 10
42 %107, and 7 x 10 cm?/Vs, respectively. The order of magnitude higher electron mobility of

PNDIS and PNDIS-HD compared to PNDIT can be understood from the larger m-orbitals of
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selenium compared to sulfur, which improves overlap of the orbitals. In addition, interaction
between Se-Se atoms could enhance the crystallinity of the copolymers and interchain charge
transport.® The higher electron mobility of PNDIS and PNDIS-HD can also be explained by their
favorable solid state morphology and molecular packing with shorter dioo and doio spacings
compared to PNDIT (Table 8). The higher electron mobility of PNDIS-HD with shorter
hexyldecyl side chains compared to PNDIS with decyltetradecyl side chains can be largely

understood in terms of the higher molecular weight of PNDIS-HD.
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Figure 20. (a) Current density (J) — voltage (V) characteristics and (b) external quantum
efficiency (EQE) spectra of all-polymer BHJ solar cells from 1:1 wt/wt blend each of
PSEHTT:PNDIT, PSEHTT:PNDIS, and PSEHTT:PNDIS-HD.

We fabricated and evaluated polymer/polymer blend solar cells with inverted device structure
of ITO/ZnO/blend/MoO3/Ag. The active layer blend was PNDIT:PSEHTT, PNDIS:PSEHTT, or
PNDIS-HD:PSEHTT, each spin-coated from chlorobenzene with an optimum composition of 1:1
wt/wt. The optimal composition (1:1 wt/wt) to focus our detailed investigation was determined by
the initial performance of solar cells fabricated from different blend compositions (1:0.75, 1:1,
and 1:2 wt/wf). The photodiodes were fabricated in a glove box and tested under AM 1.5 solar

illumination at 100 mW/cm? in ambient conditions. Representative current density-voltage (J-V)
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curves of PNDIT:PSEHTT, PNDIS:PSEHTT, and PNDIS-HD:PSEHTT solar cells are shown in
Figure 20a. The photovoltaic parameters including the short-circuit current density (Ji), the
open-circuit voltage (Voc), and fill factor (FF) are summarized in Table 9.

Table 9. Photovoltaic Properties of All-polymer Solar Cells.

Active layer Jse Voc FF PCE.yg PCEnax
(1:1 wt/wt) (mA/cm?) (V) (%) (%)
PNDIT:PSEHTT 3.80 0.61 0.56 1.20+0.09 1.30
PNDIS:PSEHTT 6.53 0.75 0.60 2.84+0.15 2.96
PNDIS-HD:PSEHTT 7.78 0.76  0.55 3.16+0.10 3.26

BHIJ devices based on the thiophene-linked PNDIT acceptor showed the lowest performance
among the three NDI copolymer acceptors, including a maximum 1.30 % PCE and a rather low
photocurrent (). The performance of the BHJ solar cells increased significantly by using the
selenophene-linked PNDIS acceptor; the observed maximum PCE of 2.96 % means a 2.4-fold
increase compared with the PNDIT devices. This improvement arises from the higher Js. of 6.53
mA/cm? as well as the increased Vo of 0.75 V. The best performance, with a maximum PCE of
3.26 %, Jsc = 7.78 mA/cm?, and V,.= 0.76 V, was observed in PNDIS-HD:PSEHTT blend solar
cells, where the acceptor polymer has smaller hexyldecyl (HD) side chains. We note that both
the PCE and photocurrent observed in PNDIS-HD devices are the highest for all-polymer solar
cells reported to date.

The EQE spectra of the photovoltaic devices showed that the photocurrent generation starts at
720 nm (Figure 20b) and are consistent with the absorption spectra of the blends. The PNDIS-
HD:PSEHTT device shows the highest photoconversion efficiency with a maximum EQE of
47% with more than 45% over the 500 - 650 nm wavelength range. The J;. calculated by
integrating the EQE spectrum of the PNDIS-HD:PSEHTT solar cell with an AM 1.5 reference
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spectrum is 7.76 mA/cm?, which is in excellent agreement with the 7.78 mA/cm? measured
directly from the J-V curve. We note that Jy values calculated from the EQE spectra for the
PNDIS and PNDIT devices were also within 3 % of the Ji values from J-V measurements. The
maximum EQE seen in PNDIS-HD devices is the highest so far in all-polymer solar cells.

We also fabricated polymer/fullerene solar cells with PSEHTT:PC¢BM (1:2 wt/wt) active
layer and the same inverted device structure as a reference for comparison with the
polymer/polymer blend solar cells. In this case, we used the previously reported optimized
composition and processing conditions to deposit the PSEHTT:PCs0BM active layer, including
3.0 vol% 1,8-diiodooctane (DIO) additive in o-dichlorobenzene.’® From the J-V characteristics
(SL, Figure S11a) we obtained Jy. = 8.46 mA/cm?, Voo = 0.64 V, FF = 0.62, and a maximum PCE
of 3.3% (average PCE 3.23 £ 0.11). This performance is in good agreement with the previous
report.’® The EQE spectrum of the optimum PSEHTT:PCsBM cell shows the same onset of
photocurrent as the above all-polymer devices; however, the 54% maximum EQE is higher than
the 47% observed for the all-polymer BHJ solar cells. Although the EQE and the photocurrent of
PCsBM devices are higher than those of the polymer acceptor, PNDIS-HD, the power
conversion efficiencies of BHJ solar cells using the two types of acceptors are identical largely
because of the superior photovoltage of the all-polymer devices.

The charge transport properties of the polymer/polymer blends (PSEHTT:PNDIT,
PSEHTT:PNDIS, and PSEHTT:PNDIS-HD) in the all-polymer solar cells were investigated by
both OFET devices and space-charge-limited current (SCLC) measurements are summarized in
Table 10. Field-effect electron mobility in PNDIS-HD blends (1.3 x 10 cm?/Vs) was slightly
better than in PNDIS blends but an order of magnitude higher than in PNDIT blends. In contrast,

the field-effect hole mobility was about the same in all three series of blends (3.5 - 6.4) x 10
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cm? /Vs. Hole-only devices, composed of ITO/PEDOT:PSS/blend/Au, and electron-only devices,
consisting of ITO/ZnO/blend/LiF/Al, enabled estimate of the bulk charge transport properties of
the BHJ blend films. Electron mobility in the bulk blend film is also highest in the PNDIS-HD
blends (1.0 x 10* cm?/Vs), slightly lower in PNDIS blends (5.8 x 10~ ¢cm?/Vs) and a factor of 6
lower in the PNDIT blends (1.8 x 10 ¢cm?/Vs). Balanced and high hole and electron mobilities
are thus observed in the PNDIS-HD blends (Table S3), which can largely explain the highest
performance in terms of Jy,, EQE, and PCE values for the BHJ solar cells using this polymer
acceptor.

Table 10. Charge Transport Properties of Polymer/Polymer Blends used in All-polymer Solar
Cells.

a b c d
M He M He
a _lilf;;iw 0 (em?/Vs)  (cm?*Vs)  (cm?/Vs)  (cm?/Vs)
‘ (OFET) (OFET) (SCLC)  (SCLC)

PNDIT:PSEHTT 40x10* 1.0x10° 45x10° 1.8x107
PNDIS:PSEHTT 3.5x10%  75x10°  9.6x10° 5.8x107°
PNDIS-HD:PSEHTT 64x10* 13x10* 20x10* 1.0x10*

Average charge carrier mobility of blend from p-channel® and n-channel® organic field-effect
transistors (OFETs). “Hole and Yelectron mobility of blend extracted from space-charge-limited
current (SCLC) measurement using single charge carrier devices.

AFM imaging was used to investigate the surface morphology of the all-polymer solar
cells. AFM topographic and the corresponding phase images taken directly from the surfaces of
devices are shown in Figure 21. The observed phase separated morphology with domain sizes of
200 - 500 nm is identical in all three blend systems (PNDIT, PNDIS, and PNDIS-HD). The
similarity of the morphology of all the three different polymer/polymer BHJ devices implies that
the observed large variation in the photocurrent and PCE does not originate in the blend
morphologies. On the other hand, the large scale of the observed phase separation in the blends

suggests that there is still room for further improvement of the photovoltaic properties of
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PNDIS:PSEHTT and PNDIS-HD:PSEHTT blends by reducing the domain sizes of the phase

3¢,3h

separated blend morphology through strategies such as co-solvents®>*" and processing additives.’

B k) b 1 . Ny ] '
" 2(6) PNDIT,PSEHTT. 5. (byPNBISIPEEHTT 40.0 nm
e, .’ s ' ¥y
. » . L . ;. .

ag " b Y
(c) PNDIS-HD:RPSEHTT."
% . . .
> t Lo w B Ta

3 I a1

30.0 nm

20.0 nm

10.0 nm

30°

Figure 21. AFM topographical images (5 x 5 um) of the surfaces of all-polymer solar cells: (a)
PNDIT:PSEHTT, (b) PNDIS:PSEHTT, and (c) PNDIS-HD:PSEHTT; and the corresponding
phase images of (d) PNDIT:PSEHTT, (e) PNDIS:PSEHTT, and (f) PNDIS-HD:PSEHTT.

324 Conclusions

In conclusion, two new semicrystalline NDI copolymers (PNDIS, PNDIS-HD) and a known
one (PNDIT) have been synthesized, characterized and, for the first time, evaluated as acceptors
in BHJ organic solar cells. We found that all-polymer solar cells composed of PNDIS-HD
acceptor and PSEHTT donor have a record performance (PCE = 3.3 %, Js.= 7.78 mA/cm?, and
EQE = 47 %), which is comparable to similarly evaluated PC¢oBM:PSEHTT BHJ solar cells.
Balanced electron and hole transport was observed in the PNDIS-HD:PSEHTT blend active
layers. The superior photovoltaic properties of PNDIS-HD compared to PNDIS and prior NDI

3e,3n

copolymers suggest that unipolar electron transport with high bulk mobility, good
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crystallinity, size of alkyl side chains, and molecular weight are all important factors in the

design of suitable acceptor polymers for BHJ solar cells.
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Chapter 4. MOLECULAR ENGINEERING TOWARD HIGH
PERFORMANCE ALL-POLYMER SOLAR
CELLS.

The results in this chapter are reprinted with permission from Hwang, et al. Chem. Commun.
2014, 50, 10801 (The Royal Society of Chmistry) and Hwang, et al. J. Am. Chem. Soc. 2015,

137,4424 (Copyright 2015 American Chemical Society).

4.1 MISCIBILITY AND PHASE SEPARATION BEHAVIOR OF POLYMER/POLYMER

BLEND IN ALL-POLYMER SOLAR CELLS

4.1.1 Introduction

In last few years, there has been remarkable growth in interest of all-polymer bulk
heterojunction (BHJ) solar cells. This is due to attractive advantages that n-type polymers have
as an acceptor instead of fullerene acceptor in conventional polymer/fullerene systems.
Compared to fullerenes, n-type polymers have better flexibility of tuning the optical and
electrochemical properties with various available chemistries, environmental stability, and
durability of the device.!'! Recently, all-polymer solar cells showed large progress which now
reached power conversion efficiency over 4 %,?! although the performance of all-polymer solar
cells is still far behind that of polymer/fullerene systems (>10%) .[*} One of the challenges in all-
polymer solar cells for further progress is to find morphologically well matching donor and
acceptor polymers which can form the large donor/acceptor interfacial area for efficient charge
dissociation and well connected pathways for transport of separated charges. [#!

Poly(3-hexylthiophene) (P3HT) has been widely used as an efficient donor in organic

photovoltaics. However, all-polymer solar cells with P3HT as a donor has shown low
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performance mainly due to the highly phase separated donor/acceptor morphology in large
domain sizes. The performances reported mostly have power conversion efficiency (PCE) lower
than 1 %,5! and there are few reports with over 1 %.°! In contrast, P3HT/fullerene systems have
been successful by understanding the behavior of fullerenes in P3HT, including diffusivity and
crystallization which found to be a key factor.l”! In all-polymer solar cell systems, miscibility and
phase separation behavior of polymers can be a key to find well matching acceptor polymer for
P3HT and further improvement in performance. However, intrinsic studies of P3HT/acceptor
polymer system to understand the miscibility and phase separation behavior of polymer/polymer
blends are absence.

Herein, I focused on polymer/polymer blends composed of P3HT as a donor and
poly(naphthalene diimide) (PNDI) as an acceptor. As an acceptor, two PNDIs, poly{[N,N -bis(2-
decyltetradecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-2,5-(3,6-dimethyl-
selenolo[3,2-b]selenophene)}  (PNDISS)®!  and corresponding thienothiophene linked
poly{[N,N-bis(2-decyltetradecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-al#-2,5-(3,6-
dimethyl-thieno[3,2-b]thiophene)} (PNDITT), were chosen since PNDISS and PNDITT were
expected to have different morphological properties even with similar molecular structure.
Physical properties of PNDISS and PNDITT were firstly investigated, and photovoltaic
properties of PNDISS/P3HT and PNDITT/P3HT blends in different compositions (67, 50 and 33
wt % P3HT) were examined. The device of P3HT/PNDISS blend with the optimum composition
of 33 wt % P3HT gave the best PCE of 3.19 % among all the blends with Jsc of 7.46 mA/cm?, Vec
of 0.68 V, and FF of 0.63. The miscibility and phase separation behavior of P3HT/PNDISS and
P3HT/PNDITT blends in different blend compositions were studied based on solid state packing

structure, photoluminescence (PL) quenching, and thermal transition of polymers in the blend to
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understand structure-property-performance relationships. PNDISS is found to be less crystalline
than PNDITT and showed better miscibility with P3HT. The composition dependence was also
found, and the P3HT/PNDISS blend with the composition of 33 wt % P3HT was expected to
have the highest miscibility and the lowest tendency of phase separation. From this result, clear
dependence of performance on the miscibility and phase separation of donor/acceptor polymer

blends was revealed.

4.1.2  Experimental Section

Materials: 4,9-Dibromo-2,7-bis(2-decyltetradecyl)benzo[lmn]-[3,8]phenanthroline-1,3,6,8-
tetraone was purchased from Suna Tech Inc. All other chemicals were purchased from Sigma-
Aldrich or Fisher Scientific Inc. 3,6-Dimethylselenolo[3,2-b]selenophene and 3,6-
dimethylthieno[3,2-b]thiophene were synthesized according to the known procedures.!® Poly(3-
hexylthiophene) (P3HT) was purchased from Rieke Metals, Inc. with a weight averaged
molecular weight (My) of 20-30 kDa with average PDI of 2 and average regioregularity of 95 %
or greater.

General synthesis procedure for 3,6-dimethylselenolo[3,2-b]selenophene and 3,6-
dimethylthieno[3,2-b]thiophene. 3,6-Dimethyl-4-octyne-3,6-diol and selenium or sulfur powder
were added into a 100 mL round-bottom flask. The flask equipped with a condenser was purged
with argon. Then, the mixture was stirred at 220 °C for a day. The crude product was purified by
column chromatography with hexane and used in next step reaction without further purification.
3,6-Dimethylselenolo[3,2-b]selenophene, yield = 6.8%, 'H NMR (300 MHz, CDCls, §): 7.49
(2H), 2.38 (6H); mp 102 °C. 3,6-Dimethylthieno[3,2-b]thiophene, yield = 33.8 %, 'H NMR (300

MHz, CDCls, 3): 6.99 (2H), 2.38 (6H); mp 90 °C.
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General synthesis procedure for 2,5-dibromo-3,6-dimethylselenolo[3,2-b]selenophene and 2,5-
dibromo-3,6-dimethylthieno[3,2-bJthiophene. 3,6-Dimethyl-selenolo[3,2-b]selenophene or 3,6-
dimethylthieno[3,2-b]thiophene were added into a 250 mL round-bottom flask. The flask was
purged with argon before add CH>Cl, and AcOH (2:1 ratio) as a mixed solvent. Aftererward, n-
bromosuccineimide in CH>Cl> was added dropwise. After stirring the mixture for 2 hours at 0 °C,
the reaction was quenched by adding water. The crude product was extracted with CHCls, and
purified bycolumn chromatography with hexane. 2,5-Dibromo-3,6-dimethylselenolo[3,2-
b]selenophene , yield = 43%, 'H NMR (300 MHz, CDCl;, §): 2.26 (6H); mp 126 °C. 2,5-
Dibromo-3,6-dimethylthieno[3,2-b]thiophene, yield = 77.4 %, 'H NMR (300 MHz, CDCl;, §):
2.27 (6H); mp 134 °C.

General  synthesis  procedure  for  2,5-bis(trimethylstannyl)-3,6-dimethylselenolo/3,2-
b/selenophene and  2,5-bis(trimethylstannyl)-3,6-dimethylthieno[3,2-b[thiophene.  2,5-
Dibromo-3,6-dimethyl-selenolo[3,2-b]selenophene  or  2,5-dibromo-3,6-dimethylthienol3,2-
b]thiophene was added into a 100 mL round-bottom flask. Under argon atmosphere, THF was
then added. The mixture was cooled to -78 °C in a dry ice bath and 2.5 M n-butyllithium solution
in hexane was added dropwise. After stirring the mixture for an hour at -78 °C, 1 M
trimethyltinchloride solution in THF was added in one portion at -78 C. Dry ice bath was
removed after 5 min and the mixture was warmed up to room temperature. After stirring
overnight at room temperature, the reaction mixture was poured into water and extracted with
diethyl ether three times. The organic phase was dried with anhydrous magnesium sulfate and
the solvent was evaporated by vacuum rotary evaporator. The product was purified by
recrystallization in EtOH. 2,5-Bis(trimethylstannly)-3,6-dimethyl-selenolo[3,2-b]selenophene,

yield = 31.4 %, 'H NMR (300 MHz, CDCls, 8): 2.38 (6H), 0.32-0.21 (18H); mp 143 °C. 2,5-

107



Bis(trimethylstannyl)-3,6-dimethylthieno[3,2-b]thiophene, yield = 46.2 %, 'H NMR (300 MHz,
CDCls, 9): 2.39 (6H), 0.52—0.33 (18H); mp 147 °C.
Poly{[N,N’-bis(2-decyltetradecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-2,5-
(3,6-dimethyl-selenolo[3,2-b]selenophene))} (PNDISS). 4,9-Dibromo-2,7-bis(2-
decyltetradecyl)benzo[lmn][3,8]phenanthroline-1,3,6,8-tetraone (373.9 mg, 0.34 mmol), 2,5-
bis(trimethylstannyl)-3,6-dimethyl-selenolo[3,2-b]selenophene (200 mg, 0.34 mmol), Pd>(dba);
(6.2 mg, 0.0068 mmol) and P(o-tolyl)s (8.3 mg, 0.0272 mmol) were added into a 100 mL three-
neck round-bottom flask. The flask equipped with a condenser was then degassed and filled with
argon three times. Afterwards, 18 mL of chlorobenzene was added and degassed and filled with
argon three times. The reaction mixture was refluxed for 72 h under argon. After cooling down
to room temperature, the polymerization mixture was poured and stirred into 200 mL methanol
and 5 mL hydrochloric acid solution for 5 h. The polymer precipitated out as a bluish purple
solid and was filtered using a filter paper. The polymer was purified by Soxhlet extraction with
methanol, hexane, and acetone. PNDISS (405 mg, 97 %), 'H NMR (500 MHz, CDCls, §): 8.90
(2H), 4.20 (4H), 2.27 (6H), 2.08 (2H), 0.88-1.49 (46H); GPC: My, = 18.4 kDa M, = 17.3 kDa,
PDI=1.1; TGA: Ta=410 °C.
Poly{[N,N’-bis(2-decyltetradecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-2,5-
(3,6-dimethyl-thieno[3,2-b]thiophene)} (PNDITT). 4,9-Dibromo-2,7-bis(2-
decyltetradecyl)benzo[lmn][3,8]phenanthroline-1,3,6,8-tetraone (350 mg, 0.32 mmol), 2,5-
bis(trimethylstannyl)-3,6-dimethyl-thieno[3,2-b]thiophene (157.5 mg, 0.32 mmol), Pdx(dba);
(5.8 mg, 0.0064 mmol) and P(o-tolyl)s (7.8 mg, 0.0256 mmol) were added into a 100 mL three-
neck round-bottom flask. The flask equipped with a condenser was then degassed and filled with

argon three times. Afterwards, 15 mL of chlorobenzene was added and degassed and filled with
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argon three times. The reaction mixture was refluxed for 72 h under argon. After cooling down
to room temperature, the polymerization mixture was poured and stirred into 200 mL methanol
and 5 mL hydrochloric acid solution for 5 h. The polymer precipitated out as a bluish purple
solid and was filtered using a filter paper. The polymer was purified by Soxhlet extraction with
methanol, hexane, and acetone. PNDITT (344 mg, 95 %), '"H NMR (500 MHz, CDCl;, §): 8.89
(2H), 4.19 (4H), 2.25 (6H), 2.10 (2H), 0.85-1.47 (46H); GPC: My = 13.3 kDa, My = 11.1 kDa,
PDI=1.2; TGA: Tq =425 °C.
Characterization of Polymers: The structure and physical properties of polymers were
investigated by '"H NMR, gel permeation chromatography (GPC) analysis, thermogravimetric
analysis (TGA). '"H NMR spectra at 300 MHz were recorded on a Bruker-AF300 spectrometer
for monomers and 500 MHz were recorded on a Bruker-AF500 spectrometer for polymers to
verify the molecular structure, and the molecular weight was measured using GPC Model 120
(DRI, PLBV400HTViscometer) against polystyrene standards in chlorobenzene at 60 °C.
Thermal stability of the polymers was tested on a TA Instruments Q50 TGA at a heating rate of
20 °C/min under nitrogen gas flow.

Electrochemical properties of the polymers were investigated by cyclic voltammetry
(CV). CV experiments were performed on an EG&G Princeton Applied Research
potentiostat/galvanostat (model 273A) in an electrolyte solution of 0.1 M tetrabutylammonium
hexafluorophosphate (BusNPFs) in acetonitrile at a scan rate of 40 mV/s. Platinum wires were
used as counter and working electrodes, and Ag/Ag" (Ag in 0.1 M AgNO; solution,
Bioanalytical System, Inc.) was used as a reference electrode. As an internal standard,

ferrocene/ferrocenium was used, and the reference potential was converted to the saturated
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calomel electrode 2 scale. The samples for CV were prepared by dip-coating the copolymer
solutions in chloroform onto Pt wires.

The optical properties of the polymers were measured using Perkin-Elmer model Lambda
900 UV/vis/near-IR spectrophotometer, and photoluminescence spectra was recorded using
excitation wavelength of 550 nm. X-ray diffraction (XRD) was performed in Bruker D8
Discover with a Cu Ka beam using GADD XRD system for drop-casted film of concentrated (15
mg/mL) polymer solutions with annealing at 200 °C for 30 minutes. The photoluminescence (PL)
emission spectra were obtained with a Photon Technology International (PTI) Inc. model
QM2001-4 spectrofluorimeter. Differential scanning calorimetry (DSC) was tested on a TA
Instruments Q50 DSC at a heating rate of 20 “C/min under nitrogen gas flow.
Fabrication and Characterization of Inverted Solar Cells: The solar cells were fabricated with
the inverted device structure of ITO/ZnO/active layer/MoOs/Ag. ITO substrates were
sequentially cleaned with acetone and isopropylalchol in ultrasonic bath, and then dried in a
vacuum oven overnight. ITO substrates were treated with oxygen plasma before spin coating the
solution of zinc acetate (1 g) in 2-methoxyethanol (10 mL) with ethanolamine (0.28 g) at 5000
rpm for 40 sec. After annealed the film for gelation at 250 °C for an hour in air, ZnO layer was
treated with 1 vol % of ethanolamine in 2-methoxyethanol solution and dried at 110 °C for 10
minutes in air. The active layer was then spin-coated from the polymer solution (15 mg/mL, 100 %
chloroform) to make a thin film of 80 - 100 nm thickness and thermally annealed at 175 °C for
10 min in a glovebox. The substrates were then loaded in a thermal evaporator (BOC Edwards,
306) to deposit thin layer of 7.5 nm MoOs and 100 nm Ag under high vacuum (2 x 107 Torr).
The current density—voltage (J — V) curves of solar cells were measured using a HP4155A

semiconductor parameter analyzer in air. An AM1.5 illumination at 100 mWcem™ was provided
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by a filtered Xe lamp and calibrated by using an NREL-calibrated Si diode. The external
quantum efficiency (EQE) was measured using a QEXI10 solar cell quantum efficiency

measurement system (PV Measurements, Inc.).

4.1.3 Results and Discussion

PNDISS and PNDITT were synthesized by Stille coupling polymerization of 4,9-dibromo-
2,7-bis(2-decyltetradecyl)benzo[/mn][3,8]-phenanthroline-1,3,6,8-tetraone (dibromo NDI) and
2,5-bis(trimethylstannly)-3,6-dimethyl-selenolo[3,2-b]selenophene or 2,5-bis(trimethylstannyl)-
3,6-dimethylthieno[3,2-b]thiophene in the presence of Pd2(dba)s and P(o-tolyl); with

(a)

CH3 CH3 CH3

= \ r—Q | —— sh(] _
| cI)H Sor Se X NBS N X Br n-BuLi 7/ \ X Sr{
HyC HsC (CH,);SnCl HsC
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Sti S
\
(b) SepY S
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Scheme 6. (a) Synthetic route to 2,5-bis(trimethylstannly)-3,6-dimethyl-selenolo[3,2-
b]selenophene and 2,5-bis(trimethylstannyl)-3,6-dimethylthieno[3,2-b]thiophene. (b) Synthesis
of poly(naphthalene diimide)s (PNDIs).

chlorobenzene as a solvent for three days. Both comonomers, selenoloselenophene and

thienothiophene, were synthesized according to reported dry one-pot reaction without any
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solvent involved.®) Bromination with n-bromosucciimide (NBS) and stannylation with -
butyllithium (n-BuLi) and trimethyltin chloride ((CH3)3SnCl) were followed to get final
monomers. Synthetic route of selenoloselenophene, thienothiophene and copolymers are
illustrated in Scheme 6. Molecular structures of monomers and polymers were confirmed using
'H NMR. PNDISS and PNDITT were highly soluble (>40 mg/mL) in common organic solvent,
including chloroform, toluene, and chlorobenzene due to long 2-decyltetradecyl alkyl side chains
on NDI core. The weight averaged molecular weight (My) of PNDISS and PNDITT were 18.4
kDa and 13.3 kDa with polydispersity index (PDI=My/M,) of 1.1 and 1.2, respectively.
Thermogravimetric analysis (TGA) was performed to measure decomposition temperature (74)

Table 11. Molecular Weight, Thermal Stability, Optical and Electronic Properties of PNDIs.

Pol My opp T e den”  ES oma®  LUMOY HOMO?®
olymer (kDa) (0O (nm) (nm) (eV) (10*cm™) (eV) (eV)

PNDISS | 184 1.1 410 361,601 361,654 1.65 331 -3.84 -5.49

PNDITT | 133 1.2 425 342,588 347,622 1.72 3.61 3.84 -5.56

9The absorption maximum in dilute solution. ®The thin film absorption maximum. © Absorption
coefficient at the absorption maximum. YElectron affinity was obtained based on LUMO =
—( eE2R5¢ (vs SCE) + 4.64 eV). ®lonization potential was obtained based on HOMO = LUMO —

‘ red
op
Eg .

of PNDISS and PNDITT which were 410 °C and 425 °C, respectively, indicating good thermal
stability of polymers.

Electronic structures of polymers were investigated by cyclic voltammetry (CV). The lowest
unoccupied molecular orbital (LUMO) energy levels that calculated from the onset reduction
potential (LUMO = —(eE2y® (vs SCE) + 4.64 eV)! were -3.84 eV for both PNDISS and
PNDITT which caused by strong electron withdrawing NDI core that play important role to

determine LUMO energy level. The oxidation peaks were not observed, and the highest occupied
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molecular orbital (HOMO) energy levels were estimated from optical energy band gap

(HOMO = LUMO — Egpt). Calculated and estimated energy levels of polymers are summarized
in Table 11.

Optical energy band gaps and absorption spectra of PNDIs as well as the blends of
P3HT/PNDI were investigated. The normalized optical absorption spectra of PNDISS and
PNDITT in dilute (10 M) chloroform solution and as thin films on glass substrates are shown in
Figure 22(a). Both polymers showed two major absorption bands which can assigned as n—n* or
n—n* transition band in higher energy range (300-400 nm) and intramolecular charge transfer

band in lower energy range (500-700 nm). ['%! Compared to PNDITT, PNDISS showed red-
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Figure 22. Optical absorption spectra of PNDIs in solution and as thin films (a), absorption
coefficient of P3HT:PNDISS blends (b) and P3HT:PNDITT blends (c) as thin films on glass

substrates.

shifted Amax (32 nm) and broader full width at half maximum (FWHM) ICT band (~25 nm ) in
thin film while the absorption in solution were identical. As a result, the optical energy band gap
(Eg) of PNDISS which calculated from onset of the absorption band was 1.65 eV, and PNDITT
gave slightly larger Eg of 1.72 eV. Absorption coefficient (o) of P3HT, PNDIs, and P3HT/PNDIs
polymer blends were calculated (Figure 22 Error! Reference source not found.(b, ¢)). PNDISS

showed slightly higher amax in higher energy band (3.61 X 10* cm™) compared to those of
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PNDITT (3.31 X 10* cm™) while both polymers showed identical omax of 1.80 X 10* cm™! in
ICT bands. P3HT showed more than 2-fold higher amax of 7.83 X 10* cm™ at Amax of 520 nm,
and thus unbalanced absorption bands at the blend with composition of 50 wt % P3HT was
observed. In both P3HT/PNDITT and P3HT/PNDISS blends, gradual decrease of omax of P3HT
and increase of amax of PNDIs was observed with decreasing composition of P3HT from 67 wt %
to 33 wt %, and the film with the composition of 33 wt % P3HT showed the most balanced
absorption bands between PNDIs and P3HT.

Photovoltaic Properties of P3HT/PNDI blends. Photovoltaic properties of P3HT:PNDI blends
were investigated to understand the property-performance relationships. All-polymer bulk
heterojunction (BHJ) solar cells comprising P3HT as a donor and PNDIs as an acceptor in
different D/A blend ratios of 2:1, 1:1, and 1:2, which are correspond to the compostions of 67, 50,
and 33 wt % of P3HT, were fabricated with device structure of ITO/ZnO/active layer/MoOs/Ag.
The devices were tested under AM 1.5 solar illumination at 100 mW/cm? in ambient conditions.
Representative current density-voltage (J-V) curves and corresponding external quantum
efficiency (EQE) of P3HT/PNDIs solar cells are shown in Figure 23. The photovoltaic
properties including the short-circuit current density, open-circuit voltage (Voc), and fill factor

(FF) are summarized in Table 12.
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Figure 23. Current density-voltage characteristics (a, b) under 100 mW/cm? 1.5 AM illumination
in air and EQE spectra (c, d) of P3BHT:PNDISS and P3HT:PNDITT blend all-polymer solar cells
in different compositions (67, 50, and 33 % P3HT).

Higher photovoltaic properties were achieved from P3HT/PNDISS solar cells compared to
P3HT/PNDITT solar cells, and a significant composition dependence of photovoltaic parameters
for both solar cells was observed. With decreasing composition of P3HT, photovoltaic
parameters including Js, Voc, and FF were increased, and thus power conversion efficiency
(PCE). In P3HT/PNDITT solar cells, PCE showed more than 85 % of increment from 1.09 % to
2.03 % by changing the D/A blend ratio from 1:2 to 2:1 wt.wt, and corresponding Jsc, Voc, and

FF were also increased from 4.24 mA/cm? to 6.13 mA/cm?, from 0.53 V to 0.61 V, and from



0.49 to 0.54, respectively. With PNDISS as an acceptor, same trend of the composition
dependence was observed, and the best device with optimum D/A ratio of 2:1 wt:wt gave the
PCE as high as 2.36 % with Ji of 6.69 mA/cm?, Vo of 0.61 V, and FF of 0.58. From the surface
morphology analysis using atomic force microscope (AFM) image, no clear difference was
observed between P3HT/PNDITT and P3HT/PNDISS blends. Although, the smallest roughness
value of 0.9 nm was obtained from the blend of P3HT/PNDISS in the ratio of 2:1 wt:wt.

Table 12. Photovoltaic Properties of All-Polymer Solar Cells.

Jse PCE EQEmax
(mA/cm?) Voe (V) FF (%) (%)

P3HT:PNDISS (2:1) 5.93 (5.71+0.22) 0.56 (0.557+0.003) 053 1.76 (1.68 £ 0.08) 34.80

active layer

P3HT:PNDISS (1:1) | 6.21(5.97+0.24)  0.59 (0.587+0.003)  0.53  1.93(1.83+0.10)  38.31
P3HT:PNDISS (1:2) | 6.69(6.31£0.38)  0.61 (0.608+0.002)  0.58  2.36(2.21+0.15)  39.20
P3HT:PNDISS (1:2)” | 7.46 (7.13+0.22)  0.68 (0.667 +0.007)  0.63 3.19(3.07+0.12)  41.70
P3HT:PNDITT (2:1) | 4.24(4.01£023)  0.53(0.528+0.002)  0.49  1.09 (1.01+0.08)  31.28
P3HT:PNDITT (1:1) | 5.21(5.04£0.17)  0.60 (0.597+0.003)  0.53  1.67(1.60+0.07)  33.83
P3HT:PNDITT (1:2) | 6.13(5.98+0.15)  0.61 (0.607+0.003)  0.54 2.03(1.95+0.08)  38.14

9 7ZnO surface modified by spin coating of 1 vol % ethanolamine in 2-methoxyethanol. The
photovoltaic properties were averaged over 5 devices.

Corresponding external quantum efficiency (EQE) spectra of the P3HT/PNDIs based solar
cells were shown in Figure 23 (¢, d). The EQE spectra of these devices show that the
photoresponse begins at ~750 nm and covers the entire visible region which indicates PNDIs
contribute to the light harvesting and photocurrent generation since P3HT does not absorb in the
range of 300-400 nm and 600-750 nm. Although, the maximum EQE were obtained in the range
of 400 to 600 nm which match with the light absorption range of P3HT and the values were
varied from 31.28 % in the P3BHT/PNDITT 1:2 wt.wt device to 39.20 % in the P3HT/PNDISS
2:1 wt:wt device. Compared to P3BHT/PNDITT devices, slightly broader EQE spectra with higher

EQE maximum values were also observed in P3HT/PNDISS devices, and this can be understood
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by red-shifted absorption band of PNDISS and higher current density of the devices from the J-V
measurement. The photocurrent values calculated from EQE spectra were found to be consistent
with the Jsc values from J — V curves for all the devices, showing a mismatch between the two

values of within 10 %.
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Figure 24. Current density-voltage characteristics (a) and EQE spectra (b) of P3HT:PNDISS all-

polymer solar cells in composition of 33 % P3HT with surface treated ZnO layer.

P3HT/PNDISS solar cells with optimum blend ratio of 2:1 wt:wt were further optimized by
surface modification of ZnO layer with 1 vol % of ethanolamine in 2-methoxyethanol which can
decrease the work function of ZnO and increase the current density.['!! As a result, significantly
improved performance with Ji of 7.46 mA/cm?, Vo of 0.68 V, and FF of 0.63 were obtained,
and thus PCE as high as 3.19 % was achieved. Interestingly, not only the current density, but Vo
and FF were also highly improved with surface modification. It is notable that the fill factor over
0.6 is comparable or even higher than polymer/fullerene systems and it is the first time reporting
PCE over 3 % in all-polymer solar cells with P3HT as a donor. Corresponding J-V curve and

EQE spectrum are illustrated in Figure 24.
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Figure 25. XRD patterns of drop-casted thin films of PNDIs and P3HT (a), P3HT:PNDISS
blends (b), and P3HT:PNDITT blends (c).

X-ray Diffraction Analysis of PNDIs and P3HT/PNDI blends. The solid state molecular
packing structure of polymers was investigated using X-ray diffraction (XRD). PNDISS and
PNDITT showed lamellar crystalline structures as other reported NDI based copolymers with
intense lamellar (100) peak at 3.74 ° and 3.64 °, and corresponding d-spacing (di00) of 23.60 A
and 24.24 A, respectively. - m stacking (010) peaks were also found at 20.35 ° and 19.56 ° with
corresponding doio of 4.36 A and 4.43 A for PNDISS and PNDITT, respectively. Similarity in
the molecular structure of PNDISS and PNDITT resulted in similar solid state packing structures.
To investigate the crystallinity of polymers, the mean size of the crystalline domains (L) for

PNDISS and PNDITT were calculated from FWHM of the lamellar peaks using Scherrer

equation, L = % where K is shape factor (0.9), A is X-ray wavelength (1.54 A), and B is

Bco
FWHM in radian. !?! Interestingly, significantly different L were observed, and calculated L for
PNDISS and PNDITT were 12.03 nm and 16.88 nm, respectively, which indicates much higher
crystallinity of PNIDTT compared to PNDISS. The solid state packing structure of P3HT was
also investigated and dioo of 16.78 A, daoo of 8.48 A, dso0 of 5.44 A, and doio of 3.78 A, were

observed which is well matching with previous reports (Figure 25(a)).l'*!

118



In addition to the pure polymers, XRD was performed for P3HT/PNDISS and
P3HT/PNDITT blends in different compositions (67, 50, and 33 wt¢ % P3HT) (Figure 25 (b, ¢)).
Two distinct peaks for both lamellar (100) and n-n stacking (010) were observed which are
originated from PNDIs and P3HT. 20 of the lamellar peaks were in the range of 3-4 ° for PNDIs
and 5-6 ° for P3HT, and 20 of n-n stacking (010) peaks were in the range of 19-20 ° for PNDIs
and 23-24 ° for P3HT. However, the peak positions and corresponding d-spacing of polymer
blends were shifted compared to those of the pure polymers as shown in Figure 25(b, c).

More notable shift was observed from the lamellar peaks than the n- & stacking peaks
due to the flexibility of alkyl chains between polymer main chains on the lamellar packing
direction. The difference of doio (Adoio) between polymer blends and pure polymers were in the
range of 0.01-0.08 A, while large difference up to 1.61 A were observed in Adioo. PNDISS/P3HT
blends found to have more change in solid state morphology compared to the PNDITT/P3HT
blends. Less crystalline PNDISS possibly have more chance to mixing with P3HT and affect
each other’s morphology. The dependence of Adioo on blend composition was also observed and
33 wt % of P3HT showed the larger Adioo than other compositions in both P3HT/PNDISS and

P3HT/PNDITT blends.

Table 13. The Mean Crystalline Domain Size of P3HT, PNDIs, and P3HT/PNDIs Blends.

P3HT/ P3HT/ P3HT/ P3HT/ P3HT/ P3HT/
blend | P3HT PNDISS PNDITT PNDISS PNDISS PNDISS PNDITT PNDITT  PNDITT

(2:1) (1:1) (1:2) (2:1) (1:1) (1:2)

P3HT |5 5 12.32 11.07 9.51 15.24 14.99 14.09
(nm)
P(Iigs 12.03 16.88 8.35 8.72 8.3 16.00 15.47 15.24
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The mean size of the crystalline domains (L) of PNDIs and P3HT in blends was also
calculated, and the results are summarized in Table 13. Compared to L of pure polymers, which
was 12.03 nm for PNDISS and 16.88 nm for PNDITT, both polymers showed smaller crystalline
domain sizes indicating decreased crystallinity in blends. The L of PNDISS and PNDITT in
blends was varied in the range of 8.35-8.93 nm and 15.26-16.00 nm, respectively. The L of
P3HT was also decreased in the blends, and L in the range of 9.51-12.32 nm in PNDISS/P3HT
blends and L in the range of 14.09-15.24 nm PNDITT/P3HT blends. Moreover, larger decrease
of crystalline domain sizes were investigated in the P3HT/PNDISS blends compared to the
P3HT/PNDITT blends. This result supports the idea that PNDISS and P3HT has more influence
on crystalline structures of each other compared to PNDITT and P3HT has, and possibly
indicates better miscibility of P3HT with PNDISS than PNDITT which can be beneficial for
solar cells applications.

Photoluminescence (PL) Quenching of P3HT/PNDI Blends. Photoluminescence (PL) of
polymer blends was measured and compared with the PL of pure P3HT. Photoluminescence (PL)
occurs when the excitons that generated from polymers are emissively recombined before the
charge separation.'¥l Thus, PL quenching indicates photoinduced charge transfer to donor and
acceptor polymers after the charge separation of excitons that diffused to the interface of donor

and acceptor. Moreover, miscibility as well as phase separation behavior of donor and acceptor
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Figure 26. Photoluminescence (PL) spectra of P3HT and P3HT:PNDIs blends in as-casted films
(a, b) and annealed films at 175 °C for 10 minutes (c, d).

can be estimated by PL quenching due to crystalline domain size and interfacial area of donor
and acceptor play important role in charge separation of excitons which has limited diffusion
length and life time. PL spectra of P3HT/PNDIs blends, when excited with Xe flash lamp at a
wavelength of 550 nm, are shown in Figure 26.

In the PL spectra of as-casted blend films (Figure 26 (a)), gradual increase of PL quenching
was observed with increasing composition of PNDIs. In P3HT/PNDITT blends, the PL
quenching rate calculated by area is increased from 50.4 % in 67 wt % P3HT blend to 89.4 % in
33 wt % P3HT blend. In P3HT/PNDISS blends, more significant PL quenching rate was
observed which was quenched from 53.5 % in 67 wt % P3HT film to 95.5 % in 33 wt % P3HT
film. Near 90 % of PL quenching in both blends at the composition of 33 w¢ % P3HT informs

that P3HT and PNDIs is mixed intimately in angstrom level with large interface area.
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PL Spectra of the films after annealing at 175 °C for 10 minutes, which is same condition
with solar cell device fabrication, was also measured. Remarkably decreased PL quenching was
observed after annealing the films, and this is a strong evidence of phase separation during the
annealing process. In P3HT/PNDITT blends, noticeable PL quenching of 48 % was observed
only at the composition of 33 wt % P3HT while no PL quenching is occurred at the composition
of 50 and 67 wt % P3HT. This means there is large phase separation with small donor/acceptor
interfacial area in P3HT/PNDITT blends, and thus most of excitons that generated in polymers
are recombined before they arrive to the interface of P3HT and PNDITT for charge separation.
In contrast, P3HT/PNDISS blends started to show 45 % of PL quenching at the composition of
50 wt % P3HT, and 58 % of PL quenching at the composition of 33 w¢ % P3HT was observed.
These indicate P3HT/PNDISS blend will be more favorable for solar cell applications with their
higher charge separation rate due to the larger interface area and smaller phase separated domain
sizes compared to P3HT/PNDITT blend. These results are consistent with XRD analysis which

showed smaller crystalline domain sizes in P3HT/PNDISS blends for both P3HT and PNDISS.
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Figure 27. Differential scanning calorimetry (DSC) thermograms of P3HT:PNDISS blends (a)
and P3HT:PNDITT blends (b).
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Differential Scanning Calorimeter (DSC) Analysis of P3HT/PNDI Blends. Thermal transition
of polymer blends was investigated using Differential scanning calorimeter (DSC), and
compared with the thermal transition of the pure P3HT. DSC is one of the convenient and useful
techniques to study and understand the miscibility and phase separation behavior of
polymer/polymer blend systems, since measuring the heat of mixing plays important role in

[15

predicting miscibility of two materials.'>) Therefore, we can observe the change in melting

temperature (7m) of polymer blends compared to the T of pure polymers (7m’) when polymers

have miscibility to each other.!

Moreover, when crystallization temperature (7c) shows
dependence on the composition of polymer blends, this indicates phase separation behavior of
polymers.! For P3HT, its thermal transitions are well known and it shows clear thermal transition
peaks including 7T and crystallization temperature (7¢). In contrast, PNDIs did not show any
distinct transition up to 300 °C. Thus, in our blend systems of P3HT/PNDIs, thermal transition
change was analyzed using 7m and 7. of P3HT (Figure 27).

For both P3HT/PNDITT and P3HT/PNDISS blends, the change of 7 in the blends
compared to T’ of P3HT (222.11°C) were observed, and the difference were in the range of
0.20-8.45 °C for P3HT/PNDITT blends and 8.46-9.89 °C for P3BHT/PNDISS blends. This result
indicates the presence of miscibility between P3HT and PNDIs. Interestingly, the shift of 7 in
P3HT/PNDISS blends was more noticeable compared to P3HT/PNDITT blends, which informs
that PNDISS has better miscibility with P3HT than PNDITT. Composition dependence of Tm
shift was also observed, and the composition of 33 wr % P3HT showed the largest difference for

both P3HT/PNDITT and P3HT/PNDISS blends. These results are consistent with the results

from the XRD and PL quenching analysis.
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The dependence of 7. on the composition of polymer blends was investigated in both
P3HT/PNDITT and P3HT/PNDISS blends. With decreasing composition of P3HT, 7c of P3HT
was tending to be increased. The change of 7., however, was more obvious in P3HT/PNDITT
blends than in P3HT/PNDISS blends which was opposite trend of the transition in melting
temperature. When the composition of P3HT was decreased from 67 wt % to 33 wt %, the 7. was
shifted 3.46 °C in P3HT/PNDISS blend and 15.27 °Cin P3HT/PNDITT blend. More significant
T. dependence on the composition in P3HT/PNDITT blend indicates that P3HT and PNDITT
have higher tendency to phase separate compared to P3HT/PNDISS blend. Therefore, from the
DSC analysis, we could confirm that PNDISS has better miscibility and lower phase separation

tendency in the blend with P3HT than PNDITT.

4.1.4 Conclusions

In conclusion, we synthesized two solution processable n-type copolymer
semiconductors, PNDISS and PNDITT, based on strong electron withdrawing naphthalene
diimide (NDI), as new acceptors in all-polymer solar cells. Photovoltaic properties of polymer
blends in different compositions (67, 50, and 33 wr %) were investigated and property-
performance relationship was studied. P3HT/PNDISS blends showed better performances in all
compositions than P3HT/PNDITT blends, and the best performance (PCE = 3.19 %, Jsc = 7.46
mA/cm?, Voo = 0.68 V, and FF = 0.63) was achieved in P3HT/PNDISS device with optimum
composition of 33 wr % P3HT. Based on highly affected crystallinity as well as solid state
packing structure of blends with smaller mean crystalline domain size in XRD analysis, higher
PL quenching rate, and clear shift of melting temperature in DSC thermal transition analysis
better miscibility and lower tendency of phase separation with smaller domain sizes in

P3HT/PNDISS blends were expected. Composition dependence of these blend properties were
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also observed, and the composition of 33 wr % P3HT was found to have the highest miscibility
with favorable morphology for solar cells. These results show close relationships between blend
properties and the performance in all-polymer solar cells, and they can provide new insight of
choosing well matching donor/acceptor polymers for good performance in all-polymer solar cells
by measuring the miscibility and phase separation behavior of polymer blends using XRD, PL

quenching, and DSC analysis.
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4.2  SIDE CHAIN ENGINEERING OF N-TYPE CONJUGATED COPOLYMER ENHANCES

PHOTOCURRENT AND EFFICIENCY OF ALL-POLYMER SOLAR CELLS.

4.2.1 Introduction

The use of electron-conducting (n-type) polymer semiconductors as the electron acceptor
in polymer solar cells!'? offers many potential advantages over fullerene acceptors.*! The facile
tunability of various intrinsic properties of such n-type conjugated polymers, including optical
absorption, electronic structure, crystallinity, solubility, and charge transport, exemplifies their
attractive features. The greater thermal stability and mechanical strength of n-type conjugated
polymers can ensure more morphologically and environmentally rugged all-polymer solar cells.
Compared to the negligible visible and near infrared light harvesting by fullerene acceptors, n-
type conjugated polymers can contribute to light absorption in the solar cell as much as the donor
polymer; an important fundamental consequence of this is that photoinduced hole transfer
becomes an important pathway for charge photogeneration as is photoinduced electron transfer.[*!
Unfortunately, the performance of all-polymer solar cells reported to date, is still far behind that
of polymer/fullerene systems, with very few papers reporting a power conversion efficiency
(PCE) over 3 %.2] A major limitation of the performance of reported all-polymer solar cells is
the low photocurrent of the devices, and thus developing new n-type or p-type polymers that can
enhance the photocurrent while maintaining the other photovoltaic properties is highly desirable.

Many reports have showed that alkyl, alkoxy, or other side chains on p-type conjugated
polymers can have a large impact on the carrier mobility in thin film transistors®! and on the
performance of polymer/fullerene solar cells.[®! These effects of side chains can be due to size,
density, topology (linear vs branched), and in the case of multiple different side chains

composition, and distribution (e.g. uniform, random, etc). Although the mechanisms of how the
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side chains influence charge transport and photovoltaic properties of polymer/fullerene blend
systems vary, they all relate to the polymer/fullerene blend film morphology:'®” molecular
packing of the polymer backbone which can be a “face-on” or “edge-on” orientation relative to
the plane of the substrate; crystallinity of both polymer and fullerene; improved compatibility
with the fullerene component and overall nanoscale morphology; and enabling or preventing
intercalation of fullerene molecules into the polymer side chains. These ideas of side chain
engineering of p-type conjugated polymers are yet to be similarly explored in n-type polymer
semiconductors towards improving the performance of all-polymer solar cells.

In this section, I discuss all-polymer bulk heterojunction (BHJ) solar cells with record 4.4
% PCE and 10.4 mAcm™ short circuit current density achieved by means of side chain
engineering of the n-type polymer semiconductor component. The series of new n-type
conjugated polymers, PNDIS-xBO (x=10, 30, 50), are all composed of identical naphthalene
diimide (NDI)-selenophene alternating copolymer backbone but have different composition and
distribution of the alkyl side chains 2-decyltetradecyl (DT) and 2-butyloctyl (BO) as shown in
Figure 28a. X-ray diffraction analysis of PNDIS-xBO films shows that the crystallinity is
increased and n-w stacking distance is decreased with increasing amount x of the shorter BO side
chains. The photovoltaic and charge transport properties of blends composed of PNDIS-xBO as

6d. 8] 45 donor were

acceptor and a thiazolothiazole-dithienosilole copolymer (PSEHTT)!
investigated by inverted BHJ solar cells and by space charge limited current (SCLC)
measurements, respectively. We found that the photocurrent, PCE, and carrier mobilities of the

all-polymer solar cells progressively increased with the side chain composition variable x up to

the 30 mol % BO optimum.
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Figure 28. (a) Molecular structures of the n-type polymers, PNDIS-xBO (x=0, 10, 30, 50), and
the donor polymer PSEHTT. (b) Absorption spectra of the n-type polymers. (¢) The inverted
device structure, ITO/ZnO/polymer blend/MoO3/Ag, used to measure photovoltaic properties.

4.2.2 Experimental Section

Materials. 4,9-Dibromo-2,7-bis(2-decyltetradecyl)benzo[lmn][3,8]phenanthroline-1,3,6,8-
tetraone was purchased from Suna Tech and all other chemicals were purchased from Sigma-
Aldrich and TCI America. 4,9-Dibromo-2,7-bis(2-butyloctyl)benzo[lmn][3,8]phenanthroline-
1,3,6,8-tetraone and 2,5-bis(trimethylstannyl)selenophene were synthesized according to the
known literature procedures.

2,5-Dibromoselenophene. Selenophene (5 g, 0.038 mol) was added into a 250 mL round-bottom
flask and purged with argon before adding 100 mL of chloroform. Afterward, NBS (13.575 g,
0.076 mol) was added portionwise. After stirring the mixture overnight at room temperature in
the dark, the reaction was quenched by adding water. The crude product was extracted with

chloroform, and purified by column chromatography with 100 % hexane. Slightly yellow oil was
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obtained and used in next step without further purification. 2,5-Dibromoselenophene (7.5 g, 68.3
%), 'H NMR (300 MHz, CDCls): & (ppm) 7.02 (2H).

2,5-Bis(trimethylstannyl)selenophene. 2,5-Dibromoselenophene (2 g, 6.92 mmol) was added
into a 250 mL round-bottom flask. Under argon atmosphere, 50 mL THF was then added. The
mixture was cooled to -78 °C in a dry ice bath and 2.5 M butyllithium solution in hexane (6.1
mL, 15.23 mmol) was added dropwise. After stirring the mixture for an hour at -78 °C, 1 M
trimethyltinchloride solution in THF (15.9 mL, 15.9 mmol) was added in one portion at -78 °C.
Dry ice bath was removed after 5 min and the mixture was warmed up to room temperature.
After stirring overnight at room temperature, the reaction mixture was poured into water and
extracted with diethyl ether 2 times. The organic phase was dried with anhydrous sodium sulfate
and the solvent was evaporated by vacuum rotary evaporator. After recrystallization in MeOH,
yellow crystals were obtained and subsequently used in polymerization. 2,5-
Bis(trimethylstannyl)selenophene (500 mg, 15.8 %), '"H NMR (300 MHz, CDCls): § (ppm) 7.72
(2H), 0.3 - 0.48 (18H); m.p. 118 °C.
Poly{[N,N’-bis(2-decyltetradecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5 -
selenophene)} (PNDIS). 4,9-Dibromo-2,7-bis(2-decyltetradecyl)benzo[lmn][3,8]phenanthroline-
1,3,6,8-tetraone (500 mg, 0.456 mmol), 2,5-bis(trimethylstannyl)selenophene (208.1 mg, 0.456
mmol), Pd2(dba); (8.34 mg, 0.0091 mmol) and P(o-tolyl); (11.1 mg, 0.0365 mmol) were added
into a 100 mL three-neck round-bottom flask. The flask equipped with a condenser was then
degassed and filled with argon three times. Afterwards, 21 mL of chlorobenzene was added and
degassed and filled with argon three times. The reaction mixture was refluxed for 72 h under
argon. After cooling down to room temperature, the polymerization mixture was poured and

stirred into 200 mL methanol and 5 mL hydrochloric acid solution for 3 h. The polymer
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precipitated out as a dark reddish purple solid and was filtered using a filter paper. The polymer
was purified by Soxhlet extraction with methanol, hexane, and acetone. GPC: My = 44.4 kDa,
My =36.8 kDa, PDI = 1.2; TGA: Ta= 414 °C.
Poly{([N,N’-bis(2-decyltetradecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5 -
selenophene)-ran-([N,N’-bis(2-butyloctyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl|-
alt-5,5’-selenophene))} (PNDIS-10BO, PNDIS-30BO, and PNDIS-50B0). Three monomers,
4,9-dibromo-2,7-bis(2-decyltetradecyl)benzo[Imn][ 3,8 |phenanthroline-1,3,6,8-tetraone, 4.9-
dibromo-2,7-bis(2-butyloctyl)benzo[lmn][3,8]phenanthroline-1,3,6,8-tetraone, and 2,5-
bis(trimethylstannyl)selenophene, with Pd>(dba); (2 mol%) and P(o-tolyl)s (8 mol%) were added
into a 100 mL three-neck round-bottom flask. The flask equipped with a condenser was then
degassed and filled with argon three times. Afterwards, chlorobenzene was added and degassed
one time. The reaction mixture was refluxed for 72 h under argon, and cooled down to room
temperature. The polymerization mixture was poured into 200 mL methanol and 5 mL
hydrochloric acid solution and stirred for 3 h. The polymer precipitated out as a solid and was
filtered using a filter paper. The polymer was purified by Soxhlet extraction with methanol,
hexane, and acetone sequentially. PNDIS-10BO, GPC: My, = 50.5 kDa, M, = 44.8 kDa, PDI =
1.1; TGA: Tq= 384 °C; PNDIS-30BO, GPC: My, = 61.8 kDa, M, =48.9 kDa, PDI = 1.3; TGA: T4
=394 °C; PNDIS-50BO, GPC: My = 72.2 kDa, M, =41.7 kDa, PDI = 1.7; TGA: Tq= 403 °C.
Device fabrication and characterization. The solar cells were fabricated with the inverted
device structure of ITO/ZnO/active layer/MoOs/Ag. ITO substrates were sequentially cleaned
with acetone and isopropylalchol in ultrasonic bath, and then dried in a vacuum oven overnight.
ITO substrates were treated with oxygen plasma before spin coating the solution of zinc acetate

(1 g) in 2-methoxyethanol (10 mL) with ethanolamine (0.28 g) at 5000 rpm for 40 sec. After
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annealed the film for gelation at 250 °C for an hour in air, the active layer was then spin-coated
from the polymer mixture solution (15 mg/mL) to make a thin film of 60 - 80 nm thickness and
thermally annealed at 175 °C for 10 min in a glovebox. The substrates were then loaded in a
thermal evaporator (BOC Edwards, 306) to deposit thin layer of 7.5 nm MoO3 and 100 nm Ag
under high vacuum (2 x 107® Torr). The current density—voltage (J — V) curves of solar cells
were measured using a HP4155A semiconductor parameter analyzer in air. An AMI.5
illumination at 100 mWcm™ was provided by a filtered Xe lamp and calibrated by using an
NREL-calibrated Si diode. The external quantum efficiency (EQE) was measured using a
QEXI10 solar cell quantum efficiency measurement system (PV Measurements, Inc.). For polar
solvent treatment of ZnO layer, 1 vol % of ethanolamine in 2-methoxyethanol solution was

coated (5000 rpm for 40 seconds) on ZnO film and dried at 110 °C for 10 minutes in air.

423 Results and Discussion

The n-type conjugated random copolymers, poly{([N,N’-bis(2-decyltetradecyl)-
naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-selenophene)-ran-([N,N’-bis(2-
butyloctyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-selenophene))} which are
denoted as PNIDS-xBO, were synthesized by Stille coupling polymerization of three monomers:
2,5-bis(trimethylstannyl)selenophene, 9-dibromo-2,7-bis(2-decyltetradecyl)benzo[lmn][3,8]
phenanthroline-1,3,6,8-tetraone (NDI-DT), and 4,9-dibromo-2,7-bis(2-
butyloctyl)benzo[Imn][3,8]phenanthroline-1,3,6,8-tetraone (NDI-BO). PNDIS-xBO, where x is
the molar percentage of NDI-BO monomer, of 3 different compositions (10, 30, and 50 mol %)
were synthesized to control the alkyl side chain composition: PNDIS-10BO; PNDIS-30BO; and
PNDIS-50BO. Since the yield of the polymerizations is over 95 %, we expect that the actual

alkyl side chain composition of polymers is close to the feed composition. The reference
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Table 14. Molecular Weight of n-Type Polymers and Donor Polymer Investigated.

Polymer M, [kDa] M, [kDa] PDI
PSEHTT 343 128.1 3.7
PNDIS 36.8 44 .4 1.2
PNDIS-10BO 44.8 50.5 1.1
PNDIS-30BO 48.8 61.8 1.3
PNDIS-50BO 41.7 72.2 1.7

naphthalene diimide (NDI)-selenophene alternating copolymer, which has a uniform 2-
decyltetradecyl (DT) side chain composition, PNDIS, was also synthesized for the purpose of
comparison. The other reference NDI-selenophene alternating copolymer with uniform BO side
chain composition, PNDIS-BO, was also synthesized; However, this polymer was largely
insoluble and thus not further studied. The molecular structures of the monomers and copolymers
were confirmed by 'H NMR.[?3 PNDIS, PNDIS-10BO, PNDIS-30BO showed excellent
solubility (> 40 mg/mL) in common organic solvents (chloroform, chlorobenzene) at room
temperature whereas PNDIS-50BO (~10 mg/mL) showed very limited solubility. The molecular
weight and polydispersity index (PDI) of the polymers were measured by gel permeation
chromatography (GPC) against polystyrene standards in chlorobenzene at 60 °C. The M, of
PNDIS-xBOs slightly varied in the range of 41.7 — 48.8 kDa with a PDI of 1.1 — 1.7 (Table 14).
The reference PNDIS sample had a M, of 36.8 kDa with a PDI of 1.2. All the polymers showed
good thermal stability with an onset decomposition temperature (74) of 384 — 403 °C under
nitrogen flow.

The solid state morphology of PNDIS-xBO and PNDIS was analyzed by using X-ray
diffraction (XRD) of their drop-casted films. An intense lamellar crystalline (100) peak (26 at
3.67 —3.99 °) and a n-m stacking peak (20 at 21.52 — 22.64 °) were observed in all the polymer

films. The lamellar d-spacing for PNDIS, PNDIS-10BO, PNDIS-30BO, and PNDIS-50BO was
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22.14, 23.46, 23.79, and 24.03 A, respectively, and the n-m stacking distance was 4.12, 4.05,
3.99, 3.92 A, respectively. This means that the lamellar d-spacing increased while the -
stacking distance decreased as the fraction of BO side chains in the random copolymer increased.
We understand this trend as a consequence of reduced steric hindrance between DT alkyl side
chains, and thus increased planarity of the polymer backbone. The mean size of the crystalline
domains (L) of the polymers was calculated from the lamellar peaks using the Scherrer
equation,’® 1 L=KA\/Bcos0, where K is shape factor (0.9), A is x-ray wavelength (1.54 A), and B
is the full width at half maximum (FWHM) in radian. The mean crystalline domain size L. was
found to be 8.4, 8.5, 8.8, and 13.3 nm for PNDIS, PNDIS-10BO, PNDIS-30BO, and PNDIS-
50BO, respectively. This result shows that crystallinity is progressively increased by lowering
the density of the longer DT side chains while increasing the amount of the shorter BO side
chains in the random copolymers.

The electronic structures (LUMO/HOMO levels) and optical absorption of PNDIS-xBO
and PNDIS were estimated from cyclic voltammetry (CV) and UV-visible spectra of thin films.
The LUMO energy level of all the polymers was calculated from the onset reduction potential in
their CVs and found to be — 3.9 eV, as expected from their common conjugated backbone. The
optical absorption spectra of PNDIS-xBO and PNDIS thin films (Figure 28b) and in dilute
chloroform solutions have the same peak positions with two distinctive absorption bands at 300 —
400 nm and 500 — 750 nm which are due to m-m* transition and intramolecular charge transfer,!!"’
respectively. Interestingly, PNDIS-xBO films have a higher absorption coefficient (o) of (2.7 —
2.9) x 10* cm™! at their ICT band absorption maxima in the visible compared to PNDIS which
has an a value of 2 x 10* cm™. The observed higher absorption coefficient of the random

copolymers PNDIS-xBO can be understood from their increased crystallinity.
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Figure 29. J— V curves (a) and EQE spectra (b) of all-polymer solar cells.

We investigated the photovoltaic properties of all-polymer BHJ solar cells made from
PSEHTT:PNDIS-xBO and PSEHTT:PNDIS blends by using the inverted device structure:
ITO/ZnO/active layer/MoOs/Ag (Figure 28c), where the active layer is a PSEHTT:PNDIS-xBO
or PSEHTT:PNDIS blend film with an optimum composition of 1:1.5 wt/wt spin coated from a
chlorobenzene solution. The solar cells were fabricated in a glovebox and tested under AM 1.5
solar illumination at 100 mWcm™ in ambient air. The current density — voltage (J — V) curves of
the BHJ solar cells composed of the side chain engineered n-type polymers (PNDIS-xBO)
compared to the reference PNDIS are shown in Figure 29a and the photovoltaic parameters are

summarized in Table 15.
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Table 15. Photovoltaic Properties of PNDIS-xBO Blends with PSEHTT.

i Jscb) Vocb) PCEb) EQEmax

active layer FF

[mAcm?] [V] [%] [%]
PSEHTT:PNDIS 6.55(6.39+0.14)  0.76 (0.76 £0.00)  0.52  2.62 (2.57+0.08)  45.8
fflfg TTPNDIS- 5 38 (726 £0.10)  0.76 (0.76 £0.00)  0.55 3.10(2.97+0.12)  49.5
PSEHTE:PNDIS  913(90.10+0.03)  074(074+0.00) 055 361 (3550.06) 560
gﬁlfg TEPNDIS- 71 (7.11£0.11)  0.74(0.74+£0.00)  0.51 2.75(2.66=0.08)  46.9
;’fﬁgﬁT’PND‘S‘ 10.37 (10.30£0.06)  0.77 (0.77 £0.00)  0.56  4.44 (4.35+0.09) 57.3

a) ZnO surface modified by spin coating of 1 vol % ethanolamine in 2-methoxyethanol. b) The
photovoltaic properties were averaged over 10 devices.

The reference PNDIS solar cells had a performance (Jsc = 6.55 mAcm?, Vo = 0.76 V, FF
= (.52, and maximum PCE of 2.62 %) that is comparable to our previous report.**) Compared to
PNDIS devices, PNDIS-10BO solar cells have enhanced performance with slightly increased
photocurrent (7.38 mAcm™) and fill factor (0.55) while the Voc was unchanged. A significantly
enhanced photocurrent of 9.13 mAcm™ was observed in PNDIS-30BO devices, leading to a
maximum PCE of 3.61 %. However, the performance of PNDIS-50BO devices (Jsc = 7.21
mAcm?, Voc =0.74 V, FF = 0.51, PCE = 2.75 %) did not show enhancement relative to PNDIS
solar cells. The observed enhancement in photocurrent and overall performance of PNDIS-10BO
and PNDIS-30BO devices compared to PNDIS cells is consistent with the reduced =m-stacking
distance in the acceptor polymers (PNDIS-xBO); we show later that reduction in m-stacking
distance translates to increased electron mobility.['!l The absence of enhanced performance of
PNDIS-50BO devices compared to either PNDIS or PNDIS-xBO (x = 10, 30) devices is likely a
result of the poorer quality of its films, which originates from its poor solubility.

The external quantum efficiency (EQE) spectra shown in Figure 29b correspond to the
all-polymer BHJ solar cells whose J — V curves are in Figure 29a. The EQE spectra of these
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devices show that the photoresponse begins at ~750 nm and covers the entire visible region,
which demonstrates that the n-type polymers contribute to the light harvesting since the donor
polymer PSEHTT does not absorb past 700 nm.!%#! For all the devices, a maximum EQE of
over 45 % was observed and in the case of PNDIS-30BO cells the EQE peaked at 56 %. The
photocurrent values calculated from the EQE spectra were found to be consistent with the Js

values from J — V curves for all the devices, showing a mismatch between the two values of

within 13 %.
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Figure 30. J — V curve (a) and EQE spectrum (b) of PSEHTT:PNDIS-30BO solar cell with
surface-treated ZnO layer.

PNDIS-30BO devices were further optimized by surface modification of the electron-
collecting ZnO electrode. It was recently reported that treatment of ZnO surface with 1 vol %
ethanolamine in methoxyethanol reduced the work function of ZnO from 4.4 to 3.9 eV, resulting
in improved performance of polymer/fullerene solar cells.['?! The J — V" curves and EQE spectrum
of PSEHTT:PNDIS-30BO solar cells with similarly modified ZnO electrodes are shown in

Figure 30 and also summarized in Table 15. The performance of these all-polymer solar cells is
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significantly improved with a PCE of 4.44%, photocurrent of 10.37 mAcm?, and Vo of 0.77 V.
We note that the observed PCE and short-circuit current density for these PSEHTT:PNDIS-
30BO devices are the highest reported to date for all-polymer solar cells.

Table 16. Charge Transport Properties of PNDIS-xBO Blends with PSEHTT.

active layer ;u e_l 1 't:h
[em* Vs [em?*/Vs]
PSEHTT:PNDIS 2.6 X107 9.6 x 107
PSEHTT:PNDIS-10BO 5%x107 1.1 x10*
PSEHTT:PNDIS-30BO 6.5 %107 2.1 x10*
PSEHTT:PNDIS-50BO 2.5%x107 5.7 x 107

The bulk charge transport properties of the all-polymer solar cells were investigated by
space-charge-limited current (SCLC) measurements to explore the relationship of bulk transport
to the photovoltaic properties. Electron mobility was measured in an ITO/ZnO/active
layer/LiF/Al device structure whereas hole mobility was measured in an ITO/PEDOT:PSS/active
layer/Au device structure. SCLC fittings to the current-voltage characteristics of the electron-
only devices and hole-only devices produced carrier mobilities which are summarized in Table
16. Compared to the reference PSEHTT:PNDIS blend system, bulk electron and hole mobilities
increased by factors of 2.2 — 2.5 to 6.5 x 10 and 2.1 x 10* cm?V-!s™!, respectively, in the
PSEHTT:PNDIS-30BO blend system. The SCLC carrier mobilities in the PNDIS-50BO blends
were comparable or less than observed in the PNDIS devices. These bulk charge transport
properties of the active layer blends are consistent with the observed photovoltaic properties of
the all-polymer solar cells as well as with the decreased m-stacking distance and increased

crystallinity with increasing amount of BO side chains discussed earlier.
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Figure 31. AFM height and corresponding phase images (1 pmx1 um) of the surfaces of BHJ
solar cells: (a, e) PSEHTT:PNDIS; (b, f) PSEHTT:PNDIS-10BO; (c, g PSEHTT:PNDIS-30BO;
and (d, h) PSEHTT:PNDIS-50BO.

AFM imaging of the actual BHJ devices provided information on the surface morphology
of the active layer blend in the all-polymer solar cells. AFM height and phase images with a scan
area of 1 pm % lum are shown in Figure 31. PNDIS and PNDIS-10BO blend films showed
identical surface morphology with similar domain sizes and roughness (2 nm). However,
PNDIS-30BO blend film surface showed significantly reduced domain sizes, better
interconnectivity, and small roughness of 1.2 nm, which can all be beneficial for efficient charge
photogeneration and transport in solar cells due to limited exciton diffusion length.l'f I This
favorable morphology of PNDIS-30BO blend film can partly account for the observed optimum
photovoltaic performance of the devices. The highest roughness of 3.4 nm with higher domain
size compared to PNDIS-30BO is observed in PNDIS-50BO blend films and this morphology

could partly explain the poor performance of PNDIS-50BO blend solar cells.
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4.2.4 Conclusions

In summary, I have demonstrated a side chain engineering strategy for the facile tuning
of the composition and distribution of alkyl side chains on n-type conjugated polymers as a
means of improving the photocurrent and performance of all-polymer solar cells. BHJ all-
polymer solar cells with record 4.4 % PCE and 10.4 mAcm™ photocurrent were achieved by
using a resulting new acceptor polymer, PNDIS-30BO, composed of NDI-selenophene backbone
and optimum 2-butyloctyl/2-decyltetradecyl composition. Observed large enhancement in
photocurrent and efficiency of PNDIS-30BO solar cells compared to the reference PNDIS
devices was explained by the decrease m-stacking distance, increased crystallinity and bulk
electron mobility of PNDIS-30BO in conjunction with the optimum polymer/polymer blend

morphology.
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4.3 N-TYPE SEMICONDUCTING NAPHTHALENE DIIMIDE-PERYLENE DIIMIDE
COPOLYMERS: CONTROLLING CRYSTALLINITY, BLEND MORPHOLOGY, AND
COMPATABILITY TOWARD HIGH PERFORMANCE ALL-POLYMER SOLAR

CELLS.

4.3.1 Introduction

All-polymer solar cells,! composed of an electron-donating polymer and an electron-
accepting polymer components, are of growing interest because of their potential advantages
over the more widely studied donor polymer/fullerene acceptor systems.!*? Although significant
progress has been made in investigating and developing all-polymer solar cells, their
performance in terms of the power conversion efficiency (PCE) of single-junction devices
remains limited to about 5 %> while that of polymer/fullerene systems is over 9 %.” One of the
major challenges to further progress in developing highly efficient all-polymer solar cells is that
besides having a suitable offset in the frontier molecular orbital (HOMO/LUMO) energy levels
of the polymer/polymer donor/acceptor pair, the other key factors that govern compatibility and
blend morphology of the blend pair towards achieving efficient bulk heterojunction (BHJ) solar
cells are not known or clear.**® The longstanding useage of the term compatibility of a blend or
compatible blend adapted here does not imply a specific scale of miscibility or microstructure in
the blend but rather denotes a blend with enhanced or useful new properties compared to the
components.” Furthermore, unlike universally applicable fullerene derivatives such as phenyl-
C71-butyric acid methyl ester (PC71BM) and phenyl-Csi-butyric acid methyl ester (PC¢1BM),
current electron acceptor polymers are rarely compatible with multiple donor polymers in BHJ
solar cells.>® An important exemption to the universal compatibility of fullerene acceptors with

multiple donor polymers (i.e. gives rise to high photovoltaic efficiency) is the indene-Cso-
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bisadduct, 1',1",4',4"-tetrahydro-di[ 1,4]methanonaphthaleno[1,2:2',3',56,60:2",3"][5,6]fullerene-
Ceo (ICBA). ICBA is an amorphous material which is found to be only compatible with a very
few semicrystalline polymers, notably poly(3-hexylthiophene) (P3HT)!? and poly[(4,4'-bis(2-
ethylhexyl)dithieno[3,2-b:2’,3"-d]silole)-2,6-diyl-alt-(2,5-bis(3-(2-ethylhexyl)thiophen-2-

yl)thiazolo[5,4-d]thiazole)] (PSEHTT).!! Studies of amorphous ICBA and crystalline fullerene
acceptors (PC¢1BM and PC71BM) with various donor polymers have led to the hypothesis that
material crystallinity control polymer/fullerene compatibility and blend microstructure and thus
charge photogeneration efficiency and transport in such BHJ devices.'? There are as yet no
analogous or other studies of the role of crystallinity of the acceptor (or donor) polymer

component on the compatibility, blend morphology, and performance of polymer/polymer BHJ
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solar cells.
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Chart 4. Molecular structure (a) and electronic structure (b) of PNDIS-HD, xPDI and PDBTTT-
CT.

In this section, I show that an incompatible polymer/polymer blend system with poor
photovoltaic efficiency can be rendered compatible with over four-fold enhancement in power

conversion efficiency by controlling the bulk crystallinity of the acceptor polymer while holding
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the donor polymer constant. Our initial studies of the reference all-polymer blend system,
composed of a known crystalline electron-accepting NDI-selenophene copolymer PNDIS-HD®
and a known crystalline benzodithiophene-thieno[3,4-b]Jthiophene copolymer (PBDTTT-CT)!?
donor (Chart 4) showed that the extensively optimized PNDIS-HD:PBDTTT-CT blend solar
cells had PCEs of only 1.2 — 1.4 % and thus it constitutes an incompatible blend despite the very
favorable HOMO/LUMO energy offset of the pair (Chart 4). To test the hypothesis that polymer
crystallinity is a critical factor that controls the compatibility, blend morphology, and
performance of polymer/polymer blend solar cells, we designed a series of new n-type
semiconducting NDI-selenophene/PDI-selenophene random copolymers (Chart 4), xPDI (10PDI,
30PDI, 50PDI), in which the bulk crystallinity (e.g. mean crystalline domain size L. determined
by X-ray diffraction analysis) decreased with increasing amount of PDI moiety substituted for
NDI moiety in the reference PNDIS-HD. Pairing of the new 30PDI copolymer with substantially
decreased and optimal crystallinity as acceptor with PBDTTT-CT donor is found to give
compatible blends and all-polymer solar cells with enhanced performance (PCE = 6.3 %, Js. =
18.6 mA/cm?, external quantum efficiency = 91 %). Charge transport in neat films of the
reference  PNDIS-HD and the new NDI/PDI copolymers (10PDI, 30PDI, 50PDI) was
investigated by using organic field-effect transistors (OFETs) and bulk charge transport in the
polymer/polymer BHJ active layers was studied by the space-charge-limited current method. The
surface and bulk morphologies of the PNDIS-HD/PBDTTT-CT and xPDI/PBDTTT-CT blend
systems were investigated by atomic force microscopy (AFM) and transmission electron

microscopy imaging, respectively.
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4.3.2  Experimental Section

Materials: 4,9-Dibromo-2,7-bis(2-hexyldecyl)benzo[lmn][3,8]-phenanthroline-1,3,6,8-tetraone
(NDI) and 2,5-bis(trimethylstannyl)-selenophene were synthesized according to the known
literature procedures.® N,N’-bis(2-ethylhexyl)-1,7-dibromo-3,4,9,10-perylene diimide (PDI) was
purchased from Sunatech Inc. and the donor polymer PBDTTT-CT (M, > 20 kDa, M,/M, ~ 3)
was purchased from Solarmer Energy, Inc. and both were used as received. The ZnO precursor
solution was prepared by dissolving 1 g of zinc acetate dihydrate (99.999% trace metals basis,
Aldrich) in 10 mL of 2-methoxyethanol (99.8%, anhydrous, Aldrich) with 0.28 g of
ethanolamine (> 99.5%, Aldrich) as a surfactant and stirring overnight under ambient conditions.
Poly{(|N,N’-bis(2-hexyldecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-al#-5,5’-

selenophene)-ran-(|[N,N’-bis(2-ethylhexyl)-1,7-dibromo-3,4,9,10-perylene diimide]-al#-5,5’-
selenophene))} (10PDI, 30PDIL, and 50PDI). In the case of 10PDI, 4,9-dibromo-2,7-bis(2-
hexyldecyl)benzo[lmn][3,8]-phenanthroline-1,3,6,8-tetraone (NDI) (250 mg, 0.286 mmol),
N,N’-bis(2-ethylhexyl)-1,7-dibromo-3,4,9,10-perylene diimide (PDI) (22.42 mg, 0.0318 mmol)
and 2,5-bis(trimethylstannyl)selenophene (145.12 mg, 0.318 mmol), with Pd>(dba); (5.82 mg, 2
mol%) and P(o-tolyl)s (7.74 mg, 8 mol%) were added into a 100 mL three-neck round-bottom
flask. The flask equipped with a condenser was then degassed and filled with argon three times.
Afterwards, 12.6 mL of chlorobenzene was added and degassed one time. The highly
concentrated reaction mixture (34 mg/mL) was refluxed under magnetic bar stirring for 72 h
under argon, and cooled down to room temperature. The polymerization mixture was poured into
200 mL methanol and 5 mL hydrochloric acid solution and stirred overnight. The polymer

precipitated out as a solid and was filtered using a filter paper. The polymer was purified by
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Soxhlet extraction with methanol, acetone, and hexane, sequentially. 10PDI (260 mg; yield =
98 %), GPC: My =320.4 kDa, M, =90.3 kDa, Myw/M, = 3.5; TGA: T4 =400 °C.
30PDI. 4,9-Dibromo-2,7-bis(2-hexyldecyl)benzo[lmn][3,8]-phenanthroline-1,3,6,8-tetraone
(NDI) (250 mg, 0.286 mmol), N,N’-bis(2-ethylhexyl)-1,7-dibromo-3,4,9,10-perylene diimide
(PDI) (94.83 mg, 0.123 mmol) and 2,5-bis(trimethylstannyl)selenophene (186.8 mg, 0.409
mmol), with Pdx(dba); (7.5 mg, 2 mol%) and P(o-tolyl); (9.96 mg, 8 mol%) in 16 mL of
chlorobenzene. 30PDI (329 mg; yield = 97.6 %), GPC: My = 428.7 kDa, M, = 126.7 kDa, My/M,
=3.4; TGA: T4 =420 °C.
50PDI. 4,9-Dibromo-2,7-bis(2-hexyldecyl)benzo[lmn][3,8]-phenanthroline-1,3,6,8-tetraone
(NDI) (169.5 mg, 0.194 mmol), N,N’-bis(2-ethylhexyl)-1,7-dibromo-3,4,9,10-perylene diimide
(PDI) (150 mg, 0.194 mmol) and 2,5-bis(trimethylstannyl)selenophene (177.2 mg, 0.388 mmol),
with Pdx(dba); (7.1 mg, 2 mol%) and P(o-tolyl); (9.45 mg, 8 mol%) in 15 mL of chlorobenzene.
50PDI (305 mg; yield = 98.4 %), GPC: My, = 264.6 kDa, M, = 103.5 kDa, My/M, =2.6; TGA: Ty
=415 °C.
Characterization: The structure and physical properties of the new polymers were investigated
by 'H NMR, gel permeation chromatography (GPC) analysis and thermogravimetric analysis
(TGA). '"H NMR spectra at 300 MHz were recorded on a Bruker-AF300 spectrometer to verify
the molecular structure, and the molecular weight was measured using a Waters 1515 GPC with
a refractive index detector against polystyrene standards in o-dichlorobenzene at 130 °C. TGA
thermograms of the polymers were acquired on a TA Instruments Q50 TGA at a heating rate of
20 °C per minute under nitrogen gas flow.

Electrochemical properties of the polymers were investigated by cyclic voltammetry (CV). CV

experiments were done on an EG&G Princeton Applied Research potentiostat/galvanostat
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(model 273A) in an electrolyte solution of 0.1 M tetrabutylammonium hexafluorophosphate
(BusNPFs) in acetonitrile at a scan rate of 40 m/Vs. Platinum wires were used as counter and
working electrodes, and Ag/Ag" (Ag in 0.1 M AgNOj3 solution, Bioanalytical System, Inc.) was
used as a reference electrode. Ferrocene/ferrocenium was used as an internal standard, and the
reference potential was converted to the saturated calomel electrode (SCE) scale. Each sample
for CV was prepared by dip-coating the copolymer solutions in chloroform onto Pt wires.

Optical absorption spectra of the polymers were measured on a Perkin-Elmer model Lambda
900 UV/vis/near-IR spectrophotometer. Solution and solid state absorption spectra were obtained
from dilute (10 M) polymer solutions in chloroform and as thin films on glass substrates,
respectively. Thin films (95 — 110 nm) were spin coated from 20 mg/mL solutions in
chlorobenzene.

X-ray diffraction patterns were obtained from Bruker F8 power XRD with a Cu Ka radiation
as the X-ray source, and the solid samples were prepared by drop-casting of highly concentrated
polymer solutions (30 mg/mL) in chloroform onto glass substrates and followed by annealing in
a hot plate at 175 °C for 10 minutes or film-aging in a argon filled glovebox at room temperature
for 96 hours. The mean size of the crystalline domains (L) of the polymers was calculated from
the lamellar peaks using the Scherrer equation, L. = KA/Bcos, where K is shape factor (0.9), A is
X-ray wavelength (1.54 A), and B is the full width at half maximum (FWHM) in radian. The
peak center and the FWHM were obtained by fitting the lamellar peak using Gaussian function
in Origin software.

AFM and TEM imaging: AFM characterization of surface morphology was done on the active
layers of the actual BHJ solar cells by using a Veeco Dimension 3100 Scanning Probe

Microscope (SPM) system. Bright field transmission electron microscopy (BF-TEM) images
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were measured on an FEI Tecnai G2 F20 TEM at 200 kV accelerating voltage and acquired with
a CCD camera and recorded with Gatan Digital Micrograph software with proper exposure time
(0.1 sec). The TEM images were slightly defocused to enhance the phase contrast. The sample
films were spin-casted on top of ITO/PEDOT:PSS substrates and peeled off by putting the
samples in water. A peeled-off film was deposited on a TEM grid (Electron Microscopy
Sciences, Inc.) and dried overnight in a vacuum oven.

Fabrication and Characterization of Field-Effect Transistors: A heavily n-doped silicon
substrate with a 200nm thermally grown silicon oxide layer acted as a gate electrode and
insulating layer, respectively (C; = 17 nF/cm?). The substrate was cleaned by ultrasonication in
acetone and isopropyl alcohol for 30 min each and dried under a flow of nitrogen gas. The
substrate was further cleaned using ozone-plasma for 5 min. A dilute chloroform solution (0.1 M)
of octyltrichlorosilane (OTS8) was spin-coated onto the silicon dioxide layer at 3000 rpm in air
for 10 sec. The substrates were then annealed for 10 min at 100 C, washed with toluene, then
annealed for 10 min at 150 C. The polymer semiconductors were spin coated onto the OTS8
treated substrate from a solution in chloroform (8 mg/mL) at 2000 rpm for 60 sec in an argon
filled glove box. The films were annealed at 175 C for 10 min and then source/drain electrodes
were deposited via thermal evaporation of silver (100 nm) that defined a channel width (W) of
1000 um and length (L) of 100 um. Current-voltage characteristics of the completed transistors
were measured under nitrogen atmosphere using a Signatone probe station and a semiconductor
parameter analyzer. The saturation region field-effect mobility (1) and threshold voltage (Vin)

12

were calculated from plots of las™® vs Vg in a forward scan with Vg at 80 V by using the

saturation-region transistor equation: Iss=(LWCi)(Ves—Van)*/(2L).
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Fabrication and Characterization of All-Polymer Solar Cells: 1TO glass substrates were
cleaned sequentially in ultrasonic baths with acetone and isopropyl alcohol for 20 minutes, dried
using nitrogen gas, and stored in a vacuum oven. The ITO glass substrate was O, plasma treated
for 90 seconds right before coating the ZnO layer. The ZnO precursor solution was spin-coated
onto the ITO glass at 5000 rpm for 40 sec, annealed at 250 °C on a hot plate in air for 1 hr to
make 20 — 30 nm thick ZnO layer and the glass/ITO/ZnO substrate was transferred into an
Argon-filled glove box. A 1.0 vol % ethanolamine or 0.05 wt % polyethylenimine in 2-
methoxyethanol solution was spin-coated onto the ZnO layer and dried at 110 °C on a hot plate
for 10 minutes right before use. Each active layer (PNDIS-HD:PBDTTT-CT or xPDI:PBDTTT-
CT blend (1:1 wt/wt ) solution (25 mg/mL) in chlorobenzene with 3 vol % DIO solvent additive
was spin-coated at 1000 rpm for 20 seconds. After spin-coating, the wet film was film-aged
inside the glove box at room temperature for 96 hours (4 days) followed by thermal vacuum
deposition of MoOs (7.5 nm) and Ag anode (100 nm). All the active layers have thicknesses of
90 + 10 nm. Five pixels, each with an active area of 4 mm?, were fabricated per ITO substrate.
The photovoltaic cells were tested under AM 1.5 solar illumination at 100 mW/cm? in ambient
condition 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 mmx1mm) size masked incident light source and TF Mini Super measurement
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apparatus for multiple devices in a single substrate. The EQE system was calibrated with a Si
photodiode before each 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 in the near quadratic region according to the modified Mott-Gurney equation,” The
SCLC device structures for electron-only and hole-only measurements were 1TO/ZnO/active-
layer/LiF/Al and ITO/PEDOT:PSS/active-layer/Au, respectively. Each active layer (PNDIS-
HD:PBDTTT-CT or xPDLPBDTTT-CT blend (1:1 wt/wt )) solution (25 mg/mL) in
chlorobenzene with 3 vol/% DIO solvent additive was spin-coated at 1000 rpm for 20 seconds.
After spin-coating, the wet film was film-aged inside the glove box at room temperature for 96

hours (4 days) followed by thermal vacuum deposition of LiF (1 nm)/Al (100 nm) or Au (40 nm).

433 Results and Discussions
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Scheme 7. Synthesis of n-type semiconducting NDI/PDI random copolymers, xPDI.

Synthesis, Absorption Spectra, and Electronic Structure. The new n-type semiconducting,
random, NDI-selenophene/PDI-selenophene, copolymers denoted as xPDI where x is the molar

percentage of PDI-selenophene segments, were synthesized by Stille coupling copolymerization
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of three monomers, 4,9-dibromo-2,7-bis(2-hexyldecyl)benzo[lmn][3,8]-phenanthroline-1,3,6,8-
tetraone (4,9-dibromo-NDI), N,N’-bis(2-ethylhexyl)-1,7-dibromo-3,4,9,10-perylene diimide
(1,7-dibromo-PDI), and 2,5-bis(trimethylstannyl)-selenophene (Scheme 7). The 4,9-dibromo-
NDI and selenophene monomers were synthesized and purified by following our previous
reports® whereas the 1,7-dibromo-PDI monomer was obtained commercially (SunaTech Inc.) and
was used without further purification. Three different compositions of xPDI, i.e. 10PDI, 30PDI,

Table 17. Molecular Weight, Thin Film Optical Absorption, Electronic Structure and Field-
Effect Electron Mobility of PNDIS-HD and xPDIs.

Polvmer Mw M/ Amax Egopt LUMO e Vin Low/I
y (kDa) M. (nm) (eV) (eV) (cm2/Vs) (V) on/Tofl
Pl\g)l;s' 426 15 348, 622 1.65 384  92x10% 10 10°
10PDI 572 1.3 352,615 1.70 384 55x10% 10 10°
30PDI 525 1.4 349, 578 1.77 389 7.1x10% 5 10°
S50PDI 321 1.4 347, 544 1.77 380 4.0x10° 5 10°

and 50PDI were synthesized and investigated. In addition, the benchmark NDI-selenophene
copolymer, PNDIS-HD,® as well as PDI-selenophene copolymer was also synthesized for the
purpose of comparison. PNDIS-HD, 10PDI, 30PDI, and 50PDI showed good solubility (>30
mg/mL) in common organic solvents, including chloroform, chlorobenzene, and dichlorobenzene,
at room temperature. However, PPDIS precipitated out during the polymerization and showed
very limited solubility due to the short alkyl side chains, 2-ethylhexyl, and thus PPDIS was not
further studied. The molecular structures of the monomers and copolymers were confirmed by
'"H NMR spectra. The molecular weight and polydispersity index (Mw/M,) of the polymers were
measured by gel permeation chromatography (GPC) against polystyrene standards in o-
dichlorobenzene at 130 °C. The reference polymer, PNDIS-HD, had a weight average molecular

weight (My) of 42.6 kDa with M/M, of 1.5. The My, of xPDI was comparable with PNDIS-HD
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sample and was in the range of 32.1 — 57.2 kDa with a Mw/M, of 1.3 — 1.4 (Table 17). Initially,
GPC was performed in chlorobenzene at a lower temperature (60°C), and xPDI showed
significantly higher My in the range of 269.1 — 430.8 kDa with high Mw/M, in the range of 2.6 —
3.5, indicating aggregation of the samples. The p- type polymer PBDTTT-CT had M, > 20 kDa
with My/M, ~ 3. Thermogravimetric analysis (TGA) of all the n-type polymers showed good

thermal stability with onset decomposition temperature (74) of over 400 °C under nitrogen flow.
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Figure 32. UV-Vis absorption spectra of xPDI, PNDIS-HD, and PBDTTT-CT in dilute
chloroform solution (a) and as thin films on glass substrates (b).

The optical absorption of the new NDI/PDI copolymers, xPDI, was characterized by UV-
visible absorption spectroscopy of dilute (10 M) chloroform solutions (Figure 32a) and of thin
films (95 — 110 nm) on glass substrates (Figure 32b). The optical absorption spectra of the
reference PNDIS-HD acceptor and donor polymer, PBDTTT-CT, were also obtained for the
purpose of comparison. In solution, xPDI materials showed two distinct absorption bands at 300
—400 nm and 500 — 700 nm which can be assigned to n-n* or n-n* transition of the NDI and PDI
chromophores and an intramolecular charge transfer (ICT) band, respectively. These absorption

features are typically observed in NDI-based conjugated copolymers.® '* 10PDI has absorption

154



maxima (Amax) at 570 nm (maximum molar extinction coefficient, emax = 1.48 X 10* M'em™') and
at 346 nm (emax = 2.46 X 10* M'em™) which are very similar to those of PNDIS-HD (Amax = 568
nm and 344 nm). By increasing the amount of PDI moiety in the polymer backbone, however,
the Amax Of the ICT band is blue shifted to 555 nm (emax = 1.59 X 10* Mlem™) in 30PDI and to
539 nm (emax = 1.25 X 10* M-'em™) in SOPDI. The enhanced absorption near 500 nm in 30PDI
and 50PDI originates from the PDI-selenophene moiety, and can be explained by the fact that
PDI copolymers typically have absorption maximum in the 500 — 560 nm range. * Our measured
solution absorption spectrum of PBDTTT-CT has two peaks at 645 nm and 693 nm (emax = 4.1 X
10* M'em™) with much higher molar extinction coefficient compared to the acceptor polymers.
However, we note that the molar extinction coefficient of the new acceptor polymers, xPDI, is
more than an order of magnitude higher than fullerene acceptors in the visible region.'?

The thin film absorption spectra are very similar to the solution spectra but the longer
wavelength (ICT) bands are red-shifted due to the increased conjugation and intermolecular
interactions in the solid state. The reference PNDIS-HD has a visible region Amax at 622 nm (Otmax
= 4.0 x 10* cm™) which is 54 nm red-shifted compared to that in solution. An important
consequence of the incorporation of PDI moieties into the n-type semiconducting copolymers,
xPDI, is that the absorption coefficient is slightly lowered while the visible region absorption
maximum Amax progressively decreases from 615 nm (0max = 2.6 X 10* cm™) in 10PDI to 578 nm
(Omax = 2.3 X 10* cm™) in 30PDI and finally to 544 nm (omax = 2.4 X 10* cm™) in SOPDI. This
trend is largely explained by the progressive decrease in planarity of the polymer backbone due
to the increasing steric hindrance from the large PDI moiety. We note that the absorption
maximum of 50PDI is already comparable to those of known PDI-containing alternating

conjugated copolymers.* The measured a values for PNDIS-HD and xPDI are comparable with
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other reported NDI and PDI-based acceptor polymers.> * The optical band gap (E.°"),
determined from the onset absorption band edge of the acceptor polymers, increased from 1.65
eV in the reference PNDIS-HD to 1.70 eV in 10PDI and to 1.77 eV in 30PDI and 50PDI. Our
measured thin film absorption spectrum of PBDTTT-CT has an absorption maximum at 706 nm
and E,°" of 1.55 eV, which are in good agreement with previous report of Amax of 692 nm and
E" of 1.58 eV.!? Although the absorption coefficient of PBDTTT-CT is not previously reported,
our measured omax of 8.3 X 10* cm™! in PBDTTT-CT is in good agreement with omax values (7 X
10* — 9 x 10* cm™!) of other benzodithiophene-thieno[3,4-b]thiophene copolymers (PTB7 and
PTB7-Th).3%3f

The electronic structures of the acceptor (xPDI, PNDIS-HD) and donor (PBDTTT-CT)
polymers were investigated by using cyclic voltammetry (CV) of thin films. The
ferrocene/ferrocenium (Fc/Fc') reference was used as an internal standard, which was assigned
an absolute energy of — 4.8 eV vs vacuum level.!® Based on the onset reduction potentials of the
polymers obtained from the cyclic voltammograms, the lowest unoccupied molecular orbital
(LUMO) energy levels were determined (LUMO = — (eE2%® (V vs Fc/Fc') + 4.8 eV)). In this
way, we obtained LUMO energy levels of — 3.84 eV for PNDIS-HD and 10PDI and — 3.89 eV
for 30PDI and 50PDI (Chart 4). The very similar LUMO energy levels of these polymers is to
be expected from the similar electron-accepting strengths of the NDI and PDI moieties.
Oxidation wave was not observed up to 2 V (vs SCE) in CV experiments on the acceptor
polymers. Therefore, the highest occupied molecular orbital (HOMO) energy levels were
estimated in two ways: (i) by subtracting the E;°"* from the above CV-determined LUMO energy
levels and (ii) considering that the HOMO energy level of —5.95 eV was experimentally

observed for NDI-biselenophene copolymer,'*® the real HOMO energy levels of each acceptor
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polymer (PNDIS-HD, 10PDI, 30PDI, 50PDI) should thus be lower-lying than — 5.95 eV, since
selenophene is a weaker electron-donating moiety than biselenophene. We consider the HOMO
energy levels (-5.95 eV) from the later estimate to be more reliable than those from using E¢°".
The HOMO/LUMO energy levels of PBDTTT-CT were also measured by using the onset
oxidation/reduction potentials of CV scans, giving—5.25 eV/=3.19 eV. These HOMO/LUMO
energy levels of PBDTTT-CT provide sufficient energy offsets (> 0.3 eV) with each of the
acceptor polymers (PNDIS-HD, 10PDI, 30PDI, 50PDI) for efficient electron transfer'!” and hole

transfer'® essential for photovoltaic devices.

Table 18. XRD Data and the Mean Crystalline Domain Size (L¢) of Thermally Annealed Neat

Polymers.
(100) dioo (010) doro L.
Sample ) A) 0) A) (nm)
PBDTTT-CT 4.50 19.61 22.42 3.96 9.15
PNDIS-HD 4.10 21.53 22.54 3.94 10.22
10PDI 4.26 20.72 21.88 4.06 9.47
30PDI 4.76 18.54 21.24 4.18 5.11
S50PDI 5.08 17.37 20.38 4.35 3.62

Crystallinity of Neat Polymer Films. We used wide angle X-ray diffraction (XRD) analysis
of thermally annealed (175 °C, 10 min) drop casted films on glass substrates to characterize the
molecular packing structure and bulk crystallinity of the new n-type copolymers (10PDI, 30PDI,
and 50PDI), the reference acceptor polymer (PNDIS-HD), and the donor polymer (PBDTTT-CT)
as neat films and the data are summarized in Table 18. Such solution cast films have randomly
oriented crystallites which facilitate analysis and interpretation of the XRD patterns shown in
Figure 33a. XRD patterns of the reference PNDIS-HD showed an intense lamellar (100) peak at
20= 4.1 ° and a n-r stacking (010) peak at 20= 22.54 °, giving a lamellar packing distance of
21.53 A and a n-m stacking distance of 3.94 A. The mean size of crystalline domains (L) was
also calculated from the Scherrer equation!® by using the full-width-at-half-maximum (FWHM)
value of the lamellar (100) peak. The PNDIS-HD film has a large Lc of 10.22 nm, implying a
highly crystalline film.
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A similar X-ray diffraction analysis of the xPDI copolymers shows that the molecular packing
and crystallinity of drop cast neat films of 10PDI, 30PDI, and 50PDI are significantly different
from those of the reference PNDIS-HD. The lamellar (100) peaks of xPDIs are found with 26 of

4.26°,4.76 °, and 5.08 ° and d-spacings of 20.72 A, 18.54 A, and 17.37 A in 10PDI, 30PDI, and
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Figure 33. (a) X-ray diffraction patterns of solution casted neat films of PNDIS-HD, xPDlIs, and
PBDTTT-CT on glass substrates annealed at 175 °C for 10 min. (b) Dependence of the mean
crystalline domain size (L.) and m-stacking distance on random copolymer composition.

50PDI films, respectively (Figure 33a). This represents a large progressive decrease of the
lamellar d-spacing with increasing amount of the PDI moiety in the chain. In contrast, the n-n
stacking distance is increased linearly from 3.94 A in PNDIS-HD to 4.06 A, 4.18 A, and 4.35 A
in 10PDI, 30PDI, and 50PDI films, respectively (Figure 33b). The observed progressive
decrease of lamellar packing distance with increasing amount of PDI moiety results from the
shorter ethylhexyl side chains on the PDI moieties in good agreement with similar observations
when side chains of different sizes are randomly mixed in other conjugated polymer
backbones.’®?* The progressive increase of the n-m stacking distance with increasing amount of

PDI moiety incorporated into the copolymer chain can be understood as a consequence of lattice
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distortion and decrease in polymer backbone planarity as PDI replaces some NDI units.’® The
average crystalline domain size Lc decreased slightly from 10.22 nm in the reference PNDIS-HD
to 9.47 nm in 10PDI and much more dramatically to 5.11 nm and 3.62 nm in 30PDI and 50PDI,
respectively (Figure 33b). We conclude that random copolymerization has enabled the tuning of
the bulk crystallinity of NDI/PDI-based n-type semiconducting polymers.

X-ray diffraction patterns of the donor polymer PBDTTT-CT film showed a lamellar (100)
peak at 20 = 4.50 ° and a n-n stacking (010) peak at 20 = 22.42 ° with corresponding d-spacings
of 19.61 A and 3.96 A, respectively (Figure 33a). These results are in good agreement with the
previously reported XRD patterns for this polymer.'*2! The average crystalline domain size Lc of
PBDTTT-CT was found to be 9.15 nm, which is comparable with those of PNDIS-HD and
10PDI but is much larger compared to the new random copolymers 30PDI and S0PDI.

We also performed XRD analysis of the film-aged ((25 °C, 96 hrs) electron-accepting polymer
(PNDIS-HD, xPDIs) films to understand how film-forming conditions affect the bulk
crystallinity and molecular packing. The lamellar (100) peaks of PNDIS-HD and xPDIs were
found with 20 of 4.48 °, 4.88 °, 5.89 °, and 6.02 ° and d-spacing of 19.70 A, 18.09 A, 14.99 A,
and 14.66 A in PNDIS-HD, 10PDI, 30PDI, and 50PDI films, respectively. The n-n stacking
distance in these room temperature-aged neat films, doio, was 3.82 A, 3.84 A, 3.93 A, and 4.00 A
in PNDIS-HD, 10PDI, 30PDI, and 50PDI films, respectively. The trend of progressive decrease
of the lamellar packing distance d100 with increasing amount of PDI moiety is observed similar to
what was seen in the thermally annealed films. Also, similar to the observed trend in the
thermally annealed films, the n-stacking distance doio increased with increasing amount of the
PDI moiety in the copolymer. However, the dio0 and doio spacings in the room temperature-aged

films are decreased by 9 — 19 % and 3 — 8 %, respectively, compared to the corresponding
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thermally annealed films. The averaged crystalline domain size L. of these room temperature-
aged films decreased from 5.22 nm in PNDIS-HD and 3.42 nm in 30PDI to 1.60 nm in 50PDI
(Table S2). Thus, the observed variation of bulk crystallinity with copolymer composition is
maintained under the different film-forming conditions.

Field-Effect Electron Mobility. The intrinsic electron mobility of the n-type semiconducting
polymers was investigated by fabricating and testing field-effect transistors with bottom-gate and
top-contact geometry.!* The electrical parameters are summarized in Table 17. All the new
polymers (10PDI, 30PDI, and 50PDI) along with the reference PNDIS-HD showed unipolar n-
channel characteristics and no p-channel charge transport as expected from their low-lying
LUMO and HOMO energy levels (Chart 1). PNDIS-HD neat films showed the highest saturation
region field-effect electron mobility of 0.092 cm?/Vs with a threshold voltage (V) of 10 V and
on/off ratio of 10%; this electron mobility is comparable with the previously reported values for
PNDIS-HD® and other NDI copolymers.'# 22 The electron mobility slightly decreased to 0.055
cm?/Vs in 10PDI films whereas it decreased substantially to 7.1 x 10 cm?/Vs and 4.0 x 107
cm?/Vs for 30PDI and 50PDI films, respectively. The observed trend of decreasing electron
mobility from the highest value in PNDIS-HD to the lowest value in 50PDI is in excellent
agreement with the XRD data which showed a progressive lowering of the crystallinity and
increasing of the n-n stacking distance as NDI moieties are progressively substituted with PDI
moieties in the reference PNDIS-HD (Figure 2b). We also note that the observed electron
mobility of 4.0 x 10 — 0.055 cm?/Vs in neat films of the NDI/PDI random copolymers is

comparable to those of other acceptor polymers used in all-polymer solar cells.*

All-Polymer BHJ Solar Cells. The photovoltaic properties of all-polymer solar cells based on

xPDI:PBDTTT-CT (1:1 wt/wf) and PNDIS-HD:PBDTTT-CT (1:1 wt/wt) blend active layers
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were investigated by fabricating and evaluating diodes with the inverted structure
(ITO/ZnO/polymer blend /MoO3/Ag) and they were tested under 100 mW/cm?> AM 1.5 solar
illumination in ambient air. The polymer/polymer blend active layer was prepared under
optimized conditions of spin coating from a chlorobenzene solution containing 3 vol % 1,8-
diiodooctane (DIO), and aging of the blend film at room-tempaerature for 96 hours to facilitate
slow solvent evaporation and self-organization in an argon-filled glove box. The current density
— voltage (J-V) curves and the external quantum efficiency (EQE) spectra of the devices are
given in Figure 34a and Figure 34b, respectively. The photovoltaic parameters, including the
short-circuit current density (Js), the open-circuit voltage (Voc), fill factor (FF), and power
conversion efficiency (PCE), are summarized in Table 19.

Table 19. Photovoltaic Properties of PNDIS-HD:PBDTTT-CT and xPDI:PBDTTT-CT Blend
Solar Cells.

JSC VOC PCEmax R R
Blend" (mA/cm2) ) FF (%) @ cISnZ) @ CS:IZ)
PNDIS-HD: 5.39 0.69 0.35 1.23 £5.0 2007
PBDTTT-CT (5.19 = 0.20) (0.66 = 0.02) (0.35 + 0.002) (1.19 = 0.05)
10PDI: 6.94 0.78 0.51 2.80 1.7 6161
PBDTTT-CT (6.55 +0.33) (0.77 £0.01) (0.51 % 0.005) (2.56 + 0.16)
30PDI: 15.55 0.77 0.43 5.10 140 2102
PBDTTT-CT (15.26 + 0.38) (0.76 +0.005) (0.42 £0.01) (4.90 = 0.17)
50PDI: 9.68 0.73 0.38 2.66 - 1992
PBDTTT-CT (9.44 +0.25) (0.73 + 0.003) (0.38 + 0.003) (2.58 +0.09)
PNDIS-HD: 4.16 0.81 0.40 1.36 182 SIS
PBDTTT-CT? (4.13 £0.03) (0.80 £ 0.01) (0.39 £ 0.01) (1.31 £0.05) :
30PDI: 18.55 0.79 0.45 6.29 L3 1606
PBDTTT-CT? (18.22 +0.28) (0.78 +0.002) (0.43 +0.01) (6.17+0.10)

@ The photovoltaic properties were averaged over 10 devices. ? ZnO layer modified by a spin-coated polyethylenimine (PEI)
interfacial layer.

The reference PNDIS-HD:PBDTTT-CT solar cells gave a maximum PCE of 1.23 % with Js of
5.39 mA/cm?, Vo of 0.69, and FF of 0.35. This poor photovoltaic performance of the PNDIS-
HD/PBDTTT-CT blend system means that it is incompatible. The incompatibility of this

reference polymer/polymer BHJ active layer is not obvious in light of the following facts. The
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Figure 34. Current density-voltage (J - V) curves (a) and external quantum efficiency (EQE)
spectra (b) of PNDIS-HD:PBDTTT-CT (1:1 wt/wf) and xPDI:PBDTTT-CT (1:1wt/wt) blend
solar cells with film-aged (25 °C, 96 hr) active layer.
HOMO/LUMO energy level offsets between PNDIS-HD acceptor and PBDTTT-CT donor
(Chart 4) are excellent for enabling efficient electron/hole transfer processes and charge
separation.!”!8 PNDIS-HD is known to have a relatively high electron mobility (Table 17) and
prior reports have showed that its blends with other donor polymers (e.g. PSEHTT) can create
high efficiency all-polymer photovoltaic devices (PCE = 3 — 5 %).° By virtue of its broad optical
absorption in the 500 — 800 nm region and small optical bandgap (E,"" = 1.55 eV), the
PBDTTT-CT donor has previously been used to produce high performance (PCE > 7%)
polymer/[70]PCBM devices.!*> We conclude that incompatibility of PNDIS-HD/PBDTTT-CT
blend system implies that these factors are not sufficient to a priori predict compatibility of a
polymer/polymer blend pair for BHJ solar cells.

Compared to the reference PNDIS-HD:PBDTTT-CT blend system, all the new xPDI acceptors
(10PDI, 30PDI, 50PDI) respectively paired with the same PBDTTT-CT donor gave rise to

enhanced photovoltaic performance of the BHJ devices. In the case of 10PDI:PBDTTT-CT
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Figure 35. Dependence of power conversion efficiency (PCE) and the mean crystalline domain
size (Lc) on random copolymer composition. Half-filled purple circles are the PCE of the devices
with polyethylenimine interfacial layer modified ZnO layer.

blends, the performance of the BHJ solar cells (PCE = 2.8 %, Jsc = 6.94 mA/cm?, Voc = 0.78 V,
and FF = 0.51) is significantly improved even though the change from PNDIS-HD to 10PDI is
relatively minor. A dramatic enhancement in photovoltaic performance is observed in
30PDI:PBDTTT-CT blend solar cells with Voc of 0.77 V, fill factor of 0.43, Js. of 15.55 mA/cm?,
and thus a high PCE of 5.10 %. This observed efficiency in 30PDI blends represents a 4.15-fold
enhancement of PCE compared to the reference PNDIS-HD blend devices. It is also to be noted
that the observed photocurrent in 30PDI:PBDTTT-CT devices is comparable to those seen in the
best fullerene-based PC71BM:PBDTTT-CT solar cells'® (15.5 — 17.5 mA/cm?). Although the
performance of SOPDI:PBDTTT-CT BHJ solar cells (PCE = 2.66 %, Jsc = 9.68 mA/cm?, Voo =
0.73 V, and FF = 0.38) is still significantly higher compared to the reference PNDIS-HD devices,
however, it is clear that further increase in the amount of PDI moieties in the NDI/PDI
copolymers results in decrease in performance relative to the 30PDI acceptor. The dependence of
the PCE on the NDI/PDI copolymer composition is shown in Figure 35, revealing that the 30

mol% PDI is the optimum.
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The external quantum efficiency (EQE) spectra of the best xPDI:PBDTTT-CT and PNDIS-
HD:PBDTTT-CT blend devices are shown in Figure 34b. The photoresponse of each of the
blend photodiodes starts at 800 nm, which corresponds to the onset absorption of the donor
polymer, and covers the entire visible down to the UV at ~ 300 nm. The EQE spectra peak at
about 600 — 700 nm, where both the p-type and n-type polymers strongly absorb. The observed
EQE spectra indicate that the n-type polymer in each blend contributes to light harvesting and
photocurrent generation. In the case of the 30PDI:PBDTTT-CT blend devices, the EQE peaks at
73 %. We note that the photocurrent density calculated from the EQE spectra (Figure 34b) are in

good agreement with the Jsc values measured directly from the J— V curves in Figure 34a.
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Figure 36. Current density-voltage (J - V) curve (a) and EQE spectrum (b) of 30PDI:PBDTTT-
CT (1:1wt/wt) blend solar cells with film-aged (25 °C, 96 hr) active layer and a polyethylenimine
interfacial layer modified ZnO layer.

The 30PDI:PBDTTT-CT blend and the reference PNDIS-HD:PBDTTT-CT blend devices were
further optimized by using a polyethylenimine (PEI) surface modifier on the top of the zinc
oxide (ZnO) layer which is known to lower the cathode work-function and thus can provide

better electron injection and collection.> The J — V curve and EQE spectrum of the
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30PDI:PBDTTT-CT blend devices are shown in Figure 36 and a summary of the photovoltaic
parameters is given in Table 19. A large increase in short-circuit current density (18.55 mA/cm?)
is observed with Vo 0of 0.79 V and FF of 0.45, leading to a PCE of 6.29 %. The EQE spectrum of
the 30PDI:PBDTTT-CT photodiode (Figure 36b) has a maximum of 91 % at 650 nm. The
calculated Js. from the EQE spectrum is 17.47 mA/cm?, which is in good agreement (5.8 %
mismatch) with that from the J-J measurement (18.55 mA/cm?). The best performance of the
reference PNDIS-HD:PBDTTT-CT blend devices with PEI-modified ZnO layer (PCE = 1.36 %,
Jse = 4.16 mA/cm?, Voo = 0.82 V, and FF = 0.40) is only slightly improved relative to devices
without the PEI interlayer. Thus the photovoltaic efficiency of the 30PDI blend devices is 4.6-
fold enhanced compared to the reference PNDIS-HD blend cells. We note that the photocurrent
(18.55 mA/cm?), PCE (6.29 %), and EQE (91 %) seen in the present 30PDI:PBDTTT-CT BHJ
solar cells are the best observed to date in all-polymer solar cells.**® Furthermore, the short-
circuit current density (Jsc = 18.55 mA/cm?) and EQE (91 %) are also the highest measured for
the donor polymer PBDTTT-CT, including PC7:BM:PBDTTT-CT devices.'?

The observed high power conversion efficiency (6.29 %) of the 30PDI:PBDTTT-CT BHJ solar
cells implies that this polymer/polymer blend system is definitely compatible whereas the
reference PNDIS-HD:PBDTTT-CT blend is not. Given the far inferior photovoltaic properties of
the 10PDL:PBDTTT-CT and 50PDI:PBDTTT-CT blends, compared to the 30PDI blends, we
conclude that they are also incompatible like the reference PNDIS-HD blends. The dependence
of the crystallinity (i.e. average crystalline domain size Lc) on copolymer composition shown in
Figure 35 suggests that there is an optimum bulk crystallinity of the acceptor polymer (L. = 5.11
nm for 30PDI) that facilitates its compatibility in blends with a given donor polymer (PBDTTT-

CT). The fact that the crystallinity in 50PDI (L. = 3.62 nm), which pairs with PBDTTT-CT to
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produce incompatible blends, is much smaller than in 30PDI that partners with the same donor
polymer to produce compatible blends, highlights our use of random copolymerization as a facile
means to discover the optimum bulk crystallinity of the acceptor polymer essential to
compatibility. Although these results demonstrate that bulk crystallinity of the acceptor polymer
paired with a given donor polymer (PBDTTT-CT) is a critical factor that dictates compatibility
and photovoltaic efficiency, the detailed mechanism of how an optimal crystallinity endows
blend compatibility and enhances performance of photovoltaic devices is not yet clear and its
elucidation would require much future studies on various blend pairs. Nevertheless, we believe
that the optimal crystallinity exerts its influence through the bulk morphology and bulk charge
transport of the polymer/polymer blend systems as will be further discussed in subsequent
sections.

Finally, we compare the observed best photovoltaic properties of 30PDI:PBDTTT-CT blends
(PCE = 6.29 %, Jsc = 18.55 mA/cm?, Voo = 0.79 V, and FF = 0.45) with those reported for the
best PC71BM:PBDTTT-CT blends.!* As already pointed out above, the measured short-circuit
current density in the present all-polymer photodiodes is significantly higher than the maximum
Jse (15.5 — 17.7 mA/cm?) observed in PC7iBM:PBDTTT-CT!® while the Vo is also slightly
higher. However, much higher power conversion efficiencies (6.91 — 7.59 %) and fill factors
(58.7 — 59.5 %) have been reported for the PC71BM devices.!* The low fill factor (45 %) is the
main limitation of the efficiency of 30PDI:PBDTTT-CT BHIJ solar cells. Indeed, if fill factors
comparable to the PC71BM device values (e.g. 59.5 %) could be obtained in the
30PDI:PBDTTT-CT blend devices, PCEs exceeding 8 % and thus comparable to the
corresponding fullerene-based solar cells would be achieved. The observed much higher

maximum EQE (91 %) for 30PDL:PBDTTT-CT blend devices compared to 66 % for
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PC7iBM:PBDTTT-CT!® suggests feasibility of such high PCEs if the low fill factor due to
recombination losses could be addressed by further device optimization, including exploration of

methods of facilitating vertical phase segregation.*
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Figure 37. AFM height (a-d) and phase (e-h) images (1 um % 1um) of PNDIS-HD:PBDTTT-CT
(1:1 wt/wt) and xPDI:PBDTTT-CT (1:1wt/wt) blend solar cells.

Morphology of BHJ Solar Cells. The surface and bulk morphologies of the xPDI:PBDTTT-
CT (1:1 wt/wt) blend films as well as the reference PNDIS-HD:PBDTTT-CT (1:1 wet/wf) blend
films prepared in identical ways as for the solar cells (film aged at room temperature for 96 hours
in an argon-filled glovebox) were investigated by atomic force microscopy (AFM) and bright-
field transmission electron microscopy (BF-TEM) imaging, respectively. AFM height and phase
images (1 pm x 1 um) are shown in Figure 37. The reference PNDIS-HD:PBDTTT-CT blend
films showed the largest phase-separated domains (~200 nm) with a roughness of 2.25 nm,
indicating a strong tendency of the two components to phase separate into large domains. A
dramatic change in the blend surface morphology is observed by increasing the amorphous PDI-

selenophene component and thus decreasing the crystallinity of the acceptor polymer paired with
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PBDTTT-CT. First, the surface roughness decreased from 2.25 nm in PNDIS-HD blends to 1.61
nm and 0.62 nm in 10PDI and 30PDI blends, respectively. Second, the phase-separated domain
sizes observed in xPDI:PBDTTT-CT blends decreased significanlty compared to the PNDIS-
HD:PBDTTT-CT blends. Although crystallinity (L. = 9.47 nm) of 10PDI is only slightly lower
than that of PNDIS-HD (L. = 10.22 nm), the observed phase-separated domain sizes (~100 nm)
in the 10PDI:PBDTTT-CT blend morphology is decreased by half, indicating that small
differences in the crystallinity of the component polymers can have a large impact on the surface
morphology of the blends. In the case of 30PDI:PBDTTT-CT blends, a uniform phase-separated
morphology with domains of about 20 nm in size was observed and domain size was estimated
from 200 x 200 nm? phase images. However, a clear phase-separated microstructure with distinct
domains was not observed in the SOPDI:PBDTTT-CT blends; a surface roughness of 0.33 nm
was determined from the AFM phase image of this blend. The phase-separated microstructure
with ~ 20 nm distinct domain sizes observed in the surface morphology of 30PDI:PBDTTT-CT
blends is consistent with the observed high performance photovoltaic devices and our above
earlier conclusion that this blend system is compatible. We note that based on the previously
discussed photovoltaic properties, we concluded that the SOPDI:PBDTTT-CT blend system is
incompatible; the AFM images of the surface morphology of this blend do not reveal a phase-
separated microstructure with distinct domains, implying that its incompatibility may originate
elsewhere. Overall, these results of AFM imaging demonstrate that the surface morphology of
polymer/polymer blend solar cells is controlled by the crystallinity of the components, which in
turn is controlled by the NDI/PDI random copolymer composition.

The bright field TEM images of the bulk morphologies of similarly prepared polymer/polymer

blends are shown in Figure 38. The overall trend of phase-separated domains in
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Figure 38. Bright-field transmission electron microscopy (BF-TEM) images of PNDIS-
HD:PBDTTT-CT (1:1 wt/wt) and xPDI:PBDTTT-CT (1:1wt/wf) blend films.
the blends decreasing in size progressively from PNDIS-HD to 50PDI blends is seen in the BF-
TEM results similar to the trend seen in the AFM images. In the PNDIS-HD:PBDTTT-CT blend
film, isolated domains with sizes of about 200 nm are observed (Figure 38a). Such isolated
domains could act as a charge traps, impede charge transport, and act as recombination centers
and thus may explain the incompatibility and the poor photovoltaic properties of PNDIS-
HD:PBDTTT-CT blends. In general, the xPDI:PBDTTT-CT blends showed much smaller and
better interconnected phases compared to the PNDIS-HD blends. The 10PDI blend has
significantly decreased phase-separated domain sizes (~100 nm) while the 30PDI blends has
phases separated on the scale of 20 nm. In the SOPDI:PBDTTT-CT blends, however, a clear
contrast between two phases is not observed (Figure 38d). The observed well interconnect
nanoscale domains in the bulk morphology of 30PDI:PBDTTT-CT blend as seen in the BF-TEM
image (Figure 7c¢) is consistent with compatibility of this blend system and its excellent
photovoltaic properties. From these results, we conclude that the bulk morphology of
polymer/polymer blend solar cells can be controlled by tuning the crystallinity of one of the
polymer components.

Bulk Charge Transport in BHJ Blend Films. We investigated the bulk charge carrier

mobilities in the polymer/polymer blend films, which were prepared similarly to the photovoltaic
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devices, by using space-charge-limited-current (SCLC) measurement. The electron mobility was
measured in an ITO/ZnO/active layer/LiF/Al device structure and the hole mobility was
measured in an ITO/PEDOT:PSS/active layer/Au device structure. The current-voltage curves

and SCLC fittings of the data are shown in Figure 39.
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Figure 39. Current-voltage curves and space-charge-limited current (SCLC) fittings of PNDIS-
HD:PBDTTT-CT and xPDLPBDTTT-CT blend films. Hole-only SCLC devices (a-d):
ITO/PEDOT:PSS/blend/Au and electron-only SCLC devices (e-h): ITO/ZnO/blend/LiF/Al.

The observed bulk hole and electron mobilities in the polymer/polymer blends were found to
vary substantially with crystallinity of the acceptor polymer component and thus with the
copolymer composition. The reference PNDIS-HD:PBDTTT-CT blend system have low bulk
hole and electron mobilities of 7.5 x 10* cm?/Vs and 7.2 x 10 cm?/Vs, respectively, and this
result can be understood from the observed blend morphology in which large phase-separated
isolated domains are not interconnected. This low and unbalanced bulk charge carrier mobilities
(un/pe = 2.6) of PNDIS-HD:PBDTTT-CT blends can explain the poor performance of the solar
cells. Compared to the reference PNDIS-HD blends, the xPDI:PBDTTT-CT blends showed

significantly enhanced bulk charge carrier mobilities. The hole mobility of xPDI/PBDTTT-CT
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blends varied from 6.0 x 10 cm?/Vs in 50PDI to 1.7 x 10~ ¢cm?*Vs in 10PDI and to 2.6 x 107
cm?/Vs in 30PDI. The hole mobility in 30PDI blends is enhanced by a factor of 3.3 compared to
the hole mobility in the reference PNDIS-HD blends. Clearly, the bulk morphology in
30PDL:PBDTTT-CT is more favorable to hole transport in this blend than in either PNDIS-HD
or 10PDI or 50PDI blends even though the donor polymer is identical in all the blends. The bulk
electron mobility varied from 1.8 x 10* cm?/Vs in 50PDI blends to 8.5 x 10 cm?/Vs in 10PDI
blends and to 1.0 x 10~ cm?/Vs in 30PDI blends. It is to be noted that electron mobility in 30PDI
blends has increased by a factor of 13.8 compared to the electron mobility in the reference
PNDIS-HD blends. We point out that both electron and hole mobilities are highest and the
carrier asymmetry (un/pge = 2.6) lowest in the 30PDI:PBDTTT-CT blends, which are highly
benefitial to high photocurrent and conversion efficiency in the BHJ solar cells. These results can
be understood in terms of the previously discussed bulk morphology as imaged by BF-TEM
(Figure 38), which revealed a phase-separated, interconnected microstructure with small (~ 20
nm) domains in 30PDI:PBDTTT-CT blends.

It is very instructive that the trends observed in the field-effect electron mobility of neat
films (Table 17) of the acceptor polymers (PNDIS-HD, 10PDI, 30PDI, and 50PDI) in which pe
decreased monotonically from PNDIS-HD to 50PDI is not observed in the bulk electron
transport in the blends. This means that the electron mobility of neat films per se could not be a
useful guide in selecting components that would form compatible blends in all-polymer solar
cells. However, the present results demonstrate that the bulk crystallinity, quantified here in
terms of Lc, could be used as an important criterion in selecting compatible donor/acceptor pairs

in polymer/polymer blend solar cells.
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43.4 Conclusions

Our study has investigated the problem of how to control the crystallinity of the acceptor
polymer component of polymer/polymer blend solar cells and its impact on blend compatibility,
blend morphology, and performance of all-polymer solar cells. We have found that the
crystallinity (e.g. Lc) of new n-type semiconducting NDI/PDI-selenophene random copolymers
xPDI (x = 10, 50, 50 mol% PDI), synthesized by Stille copolymerization, varies with the
copolymer composition, which thus provides a synthetic means of controlling the crystallinity of
a polymer component of BHJ solar cells. Blends of the reference crystalline (L. = 10.22 nm)
acceptor polymer PNDIS-HD with crystalline (L = 9.47 nm) donor polymer PBDTTT-CT were
found to be incompatible with poor photovoltaic properties (PCE = 1.4 %). However, similar
blends of the new NDI/PDI copolymer (30PDI) acceptor with optimal crystallinity (Lc = 5.11 nm)
and the same PBDTTT-CT were found to be compatible with substantially enhanced
photovoltaic properties (PCE = 6.3 %, Jsc = 18.6 mA/cm?, and EQE = 91 %), which are the
highest to date for all-polymer solar cells. Indeed, the observed Jsc and EQE in 30PDI:PBDTTT-
CT blend solar cells are higher than reported values for PC71BM:PBDTTT-CT devices.

AFM and bright-field TEM imaging of the surface and bulk morphologies of the various
polymer/polymer blends found that the blend microstructure varied substantially with the
crystallinity of the acceptor polymer component. Both surface and bulk morphologies of the
reference PNDIS-HD:PBDTTT-CT blends revealed a phase-separated microstructure with large
(~ 200 nm) isolated domains whereas the 30PDI:PBDTTT-CT blends had a phase-separated
microstructure with small (~ 20 nm) interconnected domains. The bulk hole (un) and electron ()
mobilities and carrier asymmetry (pn/le) in the polymer/polymer blends varied dramatically with

crystallinity of the acceptor polymer component, reaching their optimal values at the optimum
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crystallinity found in 30PDI. The results of this study demonstrate that the bulk crystallinity of a
polymer component in polymer/polymer blend solar cells is a critical factor that determines
blend compatibility, blend morphology, and photovoltaic properties; furthermore, this
crystallinity can be controlled by molecular design. The bulk crystallinity quantified here in
terms of the average crystalline domain size L. is a material property that can be used as an

important criterion for selecting donor/acceptor pairs in polymer/polymer blend solar cells.
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Chapter 5. DEVICE ENGINEERING OF HIGH PERFORMANCE
ALL-POLYMER SOLAR CELLS

5.1 7.7 % EFFICIENT ALL-POLYMER SOLAR CELLS

5.1.1 Introduction

All-polymer solar cells, in which both the donor and acceptor materials that absorb light
and transport charges are semiconducting polymers, have a great potential to replace
fullerene/polymer devices.!'! Although considerable progress has been made in advancing the
performance of polymer solar cells by using fullerene-based electron acceptors, with single-
junction power conversion efficiencies (PCEs) of over 9 %,?! the use of n-type semiconducting
polymers as acceptors has potential to overcome the high cost, poor thermal/photochemical
stability, limited light absorption in the visible-near infrared region, and other limitations of
fullerene derivatives.’) Among the various n-type semiconducting polymers investigated as
electron acceptors in all-polymer bulk heterojucntion (BHJ) solar cells to date,*®! perylene
diimide (PDI)-arylene®! and nanphthalene diimide (NDI)-arylene!® copolymers have emerged as
the most promising. However, the performance of all-polymer solar cells composed of low band
gap donor conjugated polymers and NDI- or PDI-based n-type semiconducting polymers has so
far remained significantly lower than the corresponding fullerene/polymer devices. The main
limitations of the PCE of all-polymer solar cells reported to date (~ 5 — 6 %) are the generally
low short-circuit current (< 14 mA cm?) and low fill factor (< 50 — 60 %) compared to
fullerene/polymer devices.[ 81 Overcoming the limitations of current all-polymer BHJ devices

requires exploration of new donor/acceptor polymer/polymer blend systems and blend
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processing strategies towards more optimal light harvesting, blend morphology, charge
photogeneration, and bulk electron and hole mobilities.

Diverse methods have been successfully used for controlling the morphology of
fullerene/polymer BHJ devices, including thermal annealing,!”) solvent vapor annealing,'® self-
assembly of polymer nanowires,!”’ and use of processing additives.['”) These approaches have
also been explored to varying degrees in polymer/polymer blend systems.[**) However, the self-
organization behavior of polymer/polymer blends can be expected to be very different from that
of the corresponding fullerene/polymer blends owing to the difference in molecular geometry of
fullerene acceptors (spherical nanoparticles) and n-type semiconducting polymer acceptors
(linear semi-flexible/semi-rigid chains). The self-organization kinetics and morphology of
polymer/polymer blend films processed from solution could be influenced by factors such as the
solvent, solubilities of both polymers, crystalline or amorphous nature of each polymer,
molecular weight, glass and/or melt transitions of both polymers, flexibility/rigidity of the chains,
miscibility of the polymers, and chain entanglements.!'!) Most of these factors are largely fixed
for a given polymer/polymer blend solution being processed into thin films and thus the blend
self-organization rate and subsequent blend morphology will be dominated by the post-
deposition annealing temperature and solvent evaporation rate from a spin coated wet film.

In this section, I show high performance all-polymer solar cells with record 7.7 % power
conversion efficiency, record short-circuit current density (18.8 mA cm?) and 85 % peak
external quantum efficiency. We show that solvent evaporation rate and self-organization of the
polymer/polymer blend films, composed of a high-mobility crystalline naphthalene diimide
(NDI)-selenophene copolymer acceptor (PNDIS-HD) and small band gap benzodithiophene

(BDT)-thieno|[3,4-b]thiophene (TT) copolymer donor (PBDTT-FTTE), can be controlled by film
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aging at room temperature and leads to a two-fold enhancement in efficiency compared to the
thermally (175 °C) annealed devices. The slower self-organization of polymer/polymer blends
facilitated by room temperature film aging, results in enhanced electron mobility as well as a
more favorable bulk morphology as observed by photoluminescence (PL) quenching analysis
and grazing incidence wide-angle X-ray scattering (GIWAXS) studies. We note that the
performance of these all-polymer (PNDIS-HD:PBDTT-FTTE) blend solar cells is currently
limited by the fill factor (~ 50%), which is largely caused by a significant imbalance in charge
carrier mobilities and high bimolecular recombination. Indeed, the observed short-circuit current
density (18.8 mA cm™) and EQE (96 %) are superior to values reported for the corresponding
PC7BM/PBDTT-FTTE solar cells.[ 2> 2l Power conversion efficiencies exceeding 10 % can thus
be expected in the n-type polymer:PBDTT-FTTE (all-polymer) blend solar cells if fill factors

exceeding 65 — 70 % could be achieved as observed in the PC7iBM devices.[>> 1]

5.1.2  Experimental Section

Materials: PNDIS-HD was synthesized according to the known literature procedures.!®”
PBDTT-FTTE (PTB7-Th, My,> 25 kDa, PDI = 1.8 — 2.2) was purchased from Solarmer Energy,
Inc. and used as received. ZnO precursor solution was prepared by dissolving 1 g of zinc acetate
dihydrate (99.999% trace metals basis, Aldrich) in 10 mL of 2-methoxyethanol (99.8%,
anhydrous, Aldrich) with 0.28 g of ethanolamine (= 99.5%, Aldrich) as a sulfactant and stirring
overnight under ambient conditions.

Fabrication and Characterization of All-Polymer Solar Cells: ITO glass substrate was cleaned
sequentially in ultrasonic baths with acetone and isopropyl alcohol for 30 minutes, dried using
air duster, and stored in vacuum oven. The ITO glass substrate was O> plasma treated for 90

seconds right before coating the ZnO layer. The ZnO precursor solution was spin-coated onto the
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ITO glass at 5000 rpm for 40 sec, annealed at 250 °C on a hot plate in air for 1 hr to make 20 —
30 nm thick ZnO layer and the glass/ITO/ZnO substrate was transferred into an Argon-filled
glove box. A 0.05 wt% polyethylenimine (PEI, My ~ 25000, Aldrich 408727) in 2-
methoxyethanol solution was spin-coated onto the ZnO layer and dried at 110 °C on a hot plate
in air for 10 minutes and the glass/ITO/ZnO/PEI substrate was transferred into an argon-filled
glove box. Active layer (e.g. PNDIS-HD:PBDTT-FTTE blend (1:1 wt/wt )) solution in
chlorobenzene was spin-coated at 1000 rpm for 20 seconds. After spin-coating, the wet film was
either thermally annealed at 175 °C for 10 min or film-aged inside the glove box for 72 hours (3
days) followed by thermal vacuum deposition of MoO3 (7.5 nm) and Ag anode (100 nm). All the
active layers have thicknesses of 115 + 7 nm. Five pixels, each with an active area of 4 mm?,
were fabricated per ITO substrate. The photovoltaic cells were tested under AM 1.5 G solar
illumination at 100 mW cm 2 in ambient condition 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 178704,
Hamamatsu Photonics K.K., Japan) and a HP4155A semiconductor parameter analyzer
(Yokogawa Hewlett-Packard, Japan). After the J-J 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 mmx1mm) 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. Current-
voltage (J—V)) characteristics of the space-charge-limited current (SCLC) devices were measured
by using a HP4155A semiconductor parameter analyzer (Yokogawa Hewlett-Packard, Tokyo) in

dark ambient conditions. Grazing incidence wide angle X-ray scattering (GIWAXS) was
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performed at the Stanford Synchrotron Radiation Lightsource (SSRL) on beamline 11-3 using a
wavelength of 0.942 A and sample to detector distance of 400 mm. Samples were prepared using
all of the same processing methods described above with the difference being that the active

layer was spun onto silicon, rather than ITO substrates.

5.1.3 Results and Discussions
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Figure 40. (a) Molecular structures of acceptor polymer (PNDIS-HD) and donor polymer
(PBDTT-FTTE). (b) HOMO/LUMO energy levels of the acceptor and donor polymers. (c)
Optical absorption spectra (a) of the acceptor and donor polymers.

The naphthalene diimide (NDI)-selenophene copolymer acceptor, PNDIS-HD, was
synthesized and purified following our previous report;[® the PNDIS-HD sample has a weight

average molecular weight (Mw) of 42.6 kDa with a polydispersity index (PDI) of 1.5. The donor
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polymer, PBDTT-FTTE (M,> 25 kDa, PDI = 1.8 — 2.2), was purchased from Solarmer Energy,
Inc. and was used as received. The molecular and electronic structures of PNDIS-HD and
PBDTT-FTTE polymers are shown in Figure 40a and b, respectively. PNDIS-HD has a low
lying lowest unoccupied molecular orbital (LUMO) energy level, with an energy of — 3.84 eV
relative to vacuum, as determined from the onset reduction potential (— 0.8 eV vs SCE) in cyclic
voltammetry (CV). CV scans up to 2 V (vs SCE) did not show an oxidation wave due to its weak
electron donating nature. We thus expect the HOMO energy level of PNDIS-HD to be either at
or lower lying than — 6.0 eV. This is reasonable, considering that a HOMO energy level of —5.95
eV was observed for NDI-biselenophene copolymer.[®* )] We measured the HOMO/LUMO
energy levels of PBDTT-FTTE to be — 5.18 eV/— 3.24 eV. The energy level offsets versus
PNDIS-HD is thus ideal for efficient photoinduced electron and hole transfer. The thin film
optical absorption spectra of both PNDIS-HD and PBDTT-FTTE (Figure 40c¢) reveal optical
band gap (E.°"") of 1.76 €V and 1.59 €V, respectively. The two distinct absorption bands centered
at 350 nm with a maximum absorption coefficient (cmax) of 5.09x10* cm™ and centered at 609
nm with a omax of 4.32x10* cm™ in PNDIS-HD correspond to the m-n* or n-n* transition band
and an intramolecular charge transfer (ICT) band,'¥ respectively, were observed. The
absorption bands of PBDTT-FTTE are mostly overlapped with those of PNDIS-HD, except in
the near IR region where PBDTT-FTTE extends light harvesting up to 800 nm with higher oimax
of 5.98x10* cm™ at 645 nm compared to those of PNDIS-HD.

Polymer/polymer BHJ solar cells based on PNDIS-HD:PBDTT-FTTE (1:1 wt/wt) active
layer were fabricated with the inverted device structure of ITO/ZnO/PEl/active layer/MoOs/Ag
and tested under 100 mW cm™ air mass 1.5 global (AM 1.5 G) solar illumination in ambient air,

using poly(ethylenimine) (PEI) is as a cathode interlayer. The active layer spin coated from
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chlorobenzene (CB) solution was either (i) thermally annealed at 175 °C for 10 min (fast solvent
evaporation), which is the most common annealing process in OPVs, or (ii) placed in an argon-
filled glove box to dry at room temperature (25 — 28 “C) for 72 hours (3 days) to facilitate slow
solvent evaporation and slow blend film self-organization. The current density — voltage (J-V)
curves and the external quantum efficiency (EQE) spectra are shown in Figure 41a and Figure

41b, respectively, and the photovoltaic properties are summarized in Table 20.
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Figure 41. Current density-voltage (J—V) curves (a) and external quantum efficiency (EQE)
spectra (b) of PNDIS-HD:PBDTT-FTTE (1:1 wt/wf) blend solar cells with thermally annealed
(175 °C, 10 min) or film-aged (25 °C, 72 hr) active layer. (¢) Short-circuit current density (Js)
versus light intensity (Piight) data and power-law (Jsc X Pl(ixght) fit for PNDIS-HD:PBTT-FTTE

solar cells.

The thermally annealed devices have an average power conversion efficiency of 3.53 %
while the maximum PCE is 3.66 % with a short-circuit current density (Js) of 12.64 mA cm™,
open circuit voltage (Voc) of 0.74 V, and a fill factor (FF) of 0.39. However, the photovoltaic
properties of PNDIS-HD:PBDTT-FTTE solar cells where the active layers were dried at room
temperature for 72 hours (3 days) have dramatically enhanced photovoltaic properties. These
slowly dried devices have an average PCE of 7.21 % with a maximum PCE of 7.73 %, Js of

18.80 mA c¢cm?, Voc of 0.81 V, and FF of 0.51 (Table 20). Clearly, by slowing the solvent
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evaporation rate and thereby facilitating the gradual self-organization or phase separation of the
PNDIS-HD:PBDTT-FTTE blend system, performance of the photovoltaic devices is
substantially improved. First, we note that both of the observed short-circuit current and PCE of
these film-aged PNDIS-HD:PBDTT-FTTE blends are the highest values reported to date for all-
polymer solar cells. Second, it is also noteworthy that the observed short-circuit current density
of 18.80 mA cm™ (average Jsc = 18.61 = 0.21 mA cm™) is even higher compared to the high
performance PC7iBM:PBDTT-FTTE devices (Jsc = 15.0 — 17.9 mA ¢cm?) with power conversion
efficiencies of up to 10.3 %.[2% 2] Third, it is clear that the observed FF value of 51 % for the
present PNDIS-HD:PBDTT-FTTE blend solar cells is substantially lower than the reported 69 —
74 % for the corresponding PC71BM:PBDTT-FTTE devices,!'!) which suggests that the fill factor
is the primary factor limiting the photovoltaic efficiency of the present all-polymer solar cells.

Table 20. Photovoltaic Properties of PNDIS-HD:PBDTT-FTTE Blend Solar Cells.?)

Processing Jsc Voc FF PCE Rs RsH ®
Condition® (mA cm?) v) (%) (Q cm?) (Q cm?)
175 °C 12.64 0.74 0.39 3.66
! 15.25 167.95
10 min (12.16 £ 0.41) (0.73 £ 0.01) (0.39£0.01) (3.53+£0.12)
25 °C 18.80 0.81 0.51 7.73
’ 8.12 239.38
72 hr (18.61 £0.21) (0.80 £ 0.00) (0.48 £0.01) (7.21 £ 0.24)

a)The photovoltaic properties were averaged over 20 devices. The values in italic are the
photovoltaic parameters of solar cells with the highest PCEs. b) Spin coated active layer drying
condition. ¢) The shunt resistances were extracted from the slop at 0V of J-V curves in the range
of -0.1-0.1 V.

The external quantum efficiency (EQE) spectra of the best PNDIS-HD:PBDTT-FTTE
blend devices are shown in Figure 41b. For both thermally (175 °C) annealed and room
temperature film-aged devices, the photoresponse starts at 800 nm due to the smaller optical
band gap of the donor polymer. The EQE of the thermally annealed device peaks at 60 % in the

580 — 700 nm region. In contrast, the EQE of the room temperature film-aged device rises to a

maximum of 85 % in the 580 — 700 nm range and remains over 50% in the 500 — 750 nm range,
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where the optical absorption bands of the donor and acceptor polymers are overlapped. This
indicates that both photoinduced electron and hole transfer are efficiently contributing to charge
photogeneration.['>! The short-circuit current density (Jsc) values calculated from the EQE spectra
(11.18 mA cm™ for thermally annealed devices and 16.81 mA cm™ for film-aged devices) were
lower than the Js values directly measured from the J-V curves (Figure 41a), and the mismatch
between the two values were within 10 %. This mismatch could be due to the initial degradation
of the performance under ambient condition as well as the spectral mismatch between the
simulated light source and the AM1.5 G solar spectrum. The much lower EQE in the 300 — 500
nm is also a major factor in the loss in efficiency of the present all-polymer solar cells compared
to the corresponding PC71BM:PBDTT-FTTE devices.

Short-circuit current as a function of illumination intensity (Plight) in thermally annealed
and film-aged PNDIS-HD:PBDTT-FTTE blend photodiodes was measured to understand charge
recombination kinetics in the devices (Figure 41c). The Jsc was measured and averaged for three
devices at each of 12 different light intensities, which were varied from 100 mW cm?to 0.5 mW
cm™ by using neutral density filters. In general, Jic has a power-law dependence on Ppight (Jsc X

Pfignt ), and linearity (o = 1) indicates weak charge carrier losses due to bimolecular

recombination.['® The observed power-law exponent (o) was 0.85 for the thermally annealed
devices and 0.90 for the film-aged devices. Although a < 1 in both thermally annealed and film-
aged PNDIS-HD:PBDTT-FTTE blend devices mean that there is a significant amount of
bimolecular recombination, the results indicate less recombination in the aged-film devices. This
result can partially explain the lower fill factor (39 %) in the thermally annealed solar cells with

high series resistance (Rs) of 15.25 Q cm? and low shunt resistance (Rsu) of 167.95 Q cm?
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compared to those seen in the film-aged solar cells (FF = 51 %, Rs= 8.13 Q cm?, Rsu = 239.38
Q cm?) (Table 20).

The bulk charge transport properties of the active layer can provide insight into the
photovoltaic properties of the polymer/polymer blend solar cells, including the fill factor which
depends on the carrier sweep-out rate relative to bimolecular charge recombination rate.”) The

bulk electron and hole mobilities of the PNDIS-HD:PBDTT-FTTE blend system were measured
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Figure 42. Space-charge-limited current (SCLC) fittings of thermally annealed devices (a, b) and
film-aged devices (c, d) measured in ambient conditions. Electron-only SCLC devices (a, c):

ITO/ZnO/PEI/blend/LiF/Al and hole-only SCLC devices (b, d): ITO/PEDOT:PSS/blend/Au.

by using the space charge limited current (SCLC) method. The SCLC device structures for

electron-only and hole-only measurements were ITO/ZnO/PEl/active layer/LiF/Al and
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ITO/PEDOT:PSS/active layer/Au, respectively. The measured J-V curves and Mott-Gurney
equation fitting of the data are shown in Figure 42 for the two processing conditions: thermally
(175 °C) annealed and room-temperature (25 °C) film-aged. The hole mobility (un) of the donor
polymer (PBDTT-FTTE) in the thermally annealed blends is 2.74x10* cm? V! 57!, which is
essentially the same as in the room-temperature film-aged blends (3.11x10* cm? V! s7!). This
hole mobility value is also very comparable to pn values reported for other polymer:PBDTT-
FTTE! and PC7;BM:PBDTT-FTTE?® 12 blends. In contrast, the bulk electron mobility in the
PNDIS-HD:PBDTT-FTTE blends is found to increase three-fold from 2.37x103 ¢cm? V! s in
the thermally annealed blend films to 7.25x107 ¢cm? V™! 57! in the room-temperature film-aged
blends. It is important to note that the observed hole mobilities in both cases are about one order

of magnitude lower than the electron mobilities, and there is thus significant imbalanced bulk

charge transport in both thermally annealed (pun/pe = 0.115) and film-aged blend devices (Un/Me =

0.043). Although the higher in electron mobility in the film-aged blend solar cells leads to the

enhanced fill factor (FF = 0.48) of these devices relative to those annealed at 175 °C (FF = 0.39)

(171 the fill factor of these devices is still much lower than the corresponding fullerene/polymer
photodiodes (FF > 0.6) 2> 121 This result suggests that the bulk hole transport properties of
PNDIS-HD:PBDTT-FTTE blend system remains to be fully optimized for balanced bulk charge
transport and advances in this area could substantially improve the FF and thus efficiency of

these all-polymer BHJ solar cells.
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Figure 43. Photoluminescence (PL) spectra of PBDTT-FTTE film (open square) and the
PBDTT-FTTE:PNDIS-HD blend films after thermal annealing at 175 °C (open circle) and after

film aging at room temperature (open diamond). The excitation wavelength was 645 nm.

We performed photoluminescence (PL) quenching experiments to gain insight into the
nanoscale morphology and molecular miscibility of the polymer/polymer blends. The PL spectra
of PBDTT-FTTE film and PNDIS-HD:PBDTT-FTTE (1:1 wt/wt) blend films under the two
different film-forming conditions (thermally annealed and room-temperature film-aged) were
measured and the PL quenching rate was calculated by integrating the PL spectra. The PL
spectra when excited with Xe flash lamp at a wavelength of 645 nm are shown in Figure 43. PL
emission band of PBDTT-FTTE was found in the range of 670 — 860 nm with a peak at 750 nm.
The PL spectrum of the blend films was quenched 92 % in the film-aged blend films compared
to 78 % in the thermally-annealed blend films. This indicates that more efficient charge transfer
occurs in the film-aged blend films due to the existence of smaller phase-separated domain sizes
and/or greater molecular miscibility in the film-aged blend films than in the thermally-annealed
blend films. This result is also consitent with the X-ray diffraction analysis that showed smaller

mean crystalline domain sizes in the film-aged blend films (6.38 nm) compared to the themally
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annealed blend films (7.69 nm) calculated using Scherrer’s equation. ¥ However, no significant
difference was observed by bright field transmission electron microscopy (TEM) imaging of the
thermally annealed and film-aged blend films. We also note that there is a possibility of vertical
phase separation in the blend films due to surface energy difference in PBDTT-FTTE and
PNDIS-HD as found from the difference in water contact angle (6 = 104.8 ° in PBDTT-FTTE
and 0 = 110.6 ° in PNDIS-HD). '’

Grazing incidence wide angle X-ray scattering (GIWAXS) analysis gives further insight
into the morphology of the pure polymer films and the BHJ blend films (Figure 44). By looking
at both the in-plane and out-of-plane directions of the 2D diffractograms, as shown in Figure 44c

and Figure 44d, the molecular orientations of the polymers in the films were determined. In the
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Figure 44. Grazing incidence wide-angle X-ray scattering (GIWAXS) patterns of thermally
annealed (175 °C, 10 min) (a) or film-aged (25 °C, 72 hr) (b) PNDIS-HD:PBDTT-FTTE (1:1
wt/wt) blend films. Line cut of GIWAXS images in the out-of-plane (c) and in-plane (d) of neat
polymer films of PNDIS-HD and PBDTT-FTTE, and their 1:1 wt/w¢ blend films.
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neat PBDTT-FTTE films, the polymer adopts a face-on orientation with a strong n-m interaction,
as seen from the large out-of-plane (010) peak centered at about 1.5 A!. Neat films of PNDIS-
HD also showed a face-on orientation, with very strong lamellar packing peaks observed in the
in-plane direction. These films exhibit a shift in the d-spacing, and a peak broadening of the
lamellar (100) peak in the out-of-plane direction, however, indicating some edge-on polymer
chains with less ordered lamellar stacking. When we turn to blended PNDIS-HD:PBDTT-FTTE
films, a shift of the lamellar peak to larger d-spacing was oberved in both the thermal annealed
and the aged blend films, indicating that some mixing of the two polymers disorders the face-on
stacking in the blend films. In the aged, blend film, a much lower peak intensity with a larger
peak shift (0.7 — 0.9 A) was observed compared to the thermally annealed films (0.4 — 0.5 A).
This indicates the existance of more amorphous mixed regions in the aged films, compared with
thermally annealed samples. Moreover, a strong lamellar peak in the out-of-plane direction of
thermally annealed blend films indicates more edge-on oriented regions compared to the film-
aged blend film. From this result, we conclude that slow self-organization or crystallization
process by room temperature film aging produces a more favorable bulk morphology with more
mixed regions to facilitate charge spearation and less edge-on oriented polymer chains to

facilitate carrier mobility through the film. Both are favorable for photovoltaic applications.

514 Conclusions

In conclusion, I have demonstrated that high performance all-polymer solar cells can be
achieved by employing suitable donor and acceptor polymers and by controlling the
polymer/polymer blend film self-organization rate through a simple film aging process at room
temperature. The resulting all-polymer (PNDIS-HD:PBDTT-FTTE) blend solar cells combined

a record 7.7 % PCE and 18.8 mA c¢m short-circuit current density with an EQE of 85 %. The

190



observed photovoltaic performance of the film-aged polymer/polymer blend solar cells is about
two-fold enhanced compared with the related thermally (175 °C) annealed devices, which could
be explained by the slower solvent evaporation rate enabled improvement in electron mobility
and the favorable bulk morphology. The observed very high bulk electron mobility in these all-
polymer blend devices suggests that even higher photocurrents are possible depending on a
matching high-mobility donor polymer component. Our finding that the photocurrent of PNDIS-
HD:PBDTT-FTTE BHJ devices is superior whereas their fill factors are much lower compared
to those of PC71BM:PBDTT-FTTE solar cells suggests that further optimization of materials and
device engineering to achieve higher fill factors will enable the efficiency of all-polymer solar

cells to exceed 10%.
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Chapter 6. EFFICIENT POLYMER PHOTOVOLTAICS BASED ON
NONFULLERENE SMALL MOLECULE
ACCEPTORS

6.1 NONFULLERENE POLYMER SOLAR CELLS WITH 8 % EFFICIENCY ENABLED BY

A HIGHLY TWISTED ELECTRON ACCEPTOR
6.1.1 Introduction

Advances in the design and synthesis of nonfullerene acceptors in the last few years have
enabled a tremendous progress in developing more efficient nonfullerene organic photovoltaics
(OPVs) and showed a great potential to replace the problematic fullerene acceptors'™®. The
drawbacks of fullerene-based OPVs, including the small open-circuit voltage (Voc), poor light

harvesting, high cost, and poor photochemical stability'"!®

, can be addressed by using suitable
nonfullerene acceptors with their readily tunable molecular structure. However, the power
conversion efficiency (PCE) of nonfullerene polymer solar cells (4 — 6 %)!"!® is remained inferior
to the fullerene-based devices (8 — 10 %)'®2!. The major limitations on the efficiency of current
nonfullerene OPV devices include the generally much lower short-circuit current density Js. and
fill factor (FF) values'''® compared to their PC71IBM counterparts'®2!. These limitations are
ultimately rooted in the compatibility and morphology of the acceptor molecule/donor polymer
blend and the three-dimensional (3D) structure of the acceptor. The spherical 3D structure of
fullerene acceptors appears to facilitate their universal compatibility with numerous donor

%1522 resulting in interconnected 10 — 30 nm phase-separated domains with high

polymers
mobility, isotropic, electron transport?>. Known nonfullerene acceptors are rarely compatible

(PCE > 3.0 %) with more than one donor polymer in OPV devices?*.
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In our previous studies, we reported the synthesis of dimeric nonfullerene acceptors, DBFI-Ar,
which two large, planar, monomeric, tetraazabenzodifluoranthene diimide (BFI) building blocks
connected by various linker units, including thiophene (T), selenophene (S), 3,4-
dimethylthiophene (DMT) to 3,4-dimethylthienothiophene (MTT) (Scheme 8)> !>. DBFI-Ar
showed dramatically different 3D molecular structures depending on the linker, and the resulted
bulk heterojunction (BHJ) blends with the donor, thiazolothiazole-dithienosilole copolymer
(PSEHTT)? gave a large disparity in PCE (2.6 — 6.4 %)’ '>. The results established the critical
role of the linker connecting the dimer as well as the substituent groups on the aromatic linkers,
and a large dependence of the twisted angle (0) between large BFIs and the photovoltaic
performances were found; the best PCE was achieved in DBFI-DMT which has the largest
twisted angle of 62 °.!3 It was suggested that further increase in 0 could lead to a large increase in
photovoltaic efficiency by virtue of decreased anisotropy and enhanced charge photogeneration

and isotropic electron transport’.

a oﬁo oso
N N 'N
= = S S
A
r Vg ‘;_/z_
L) (D
O[‘IJO 0:;0
R

R = 2-decyltetradecyl
DBFI-Ar

DBFI-MTT DBFI-DMT

Scheme 8. Molecular structures (a) and optimized 3D geometry side view of DBFI-Ar (b) by
DFT calculations at the B3LYP/(6-31G(d)) level.
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I herein test the hypothesis that significant increase in the twisting angle 6 between the planar
building blocks of DBFI-type dimer acceptors could enhance the efficiency of bulk
heterojunction (BHJ) solar cells incorporating such a highly twisted electron acceptor. The 9 is
further increased up to 76 ° by using 3,4-ethylenedioxythiophene (EDOT) as a linker, which has
a much bulkier substituent group compared to methyl groups on DMT or MTT. We demonstrate
a major milestone (PCE > 8 %) in the performance of nonfullerene polymer solar cells by using
this new electron acceptor, DBFI-EDOT, with a rationally designed nonplanar 3D structure.
Compared to PC71BM, DBFI-EDOT has enhanced absorption that spans 300 — 730 nm, a smaller
electron affinity (3.65 eV), and enhanced bulk electron mobility. We show, for the first time, that
nonfullerene OPV devices can combine high Voc with high Jsc and FF values, resulting in PCEs
that are far superior to the corresponding PC71BM devices. We also show, for the first time, that
a nonfullerene acceptor can be used to develop highly efficient (> 6.5 % PCE) organic solar cells

based on two different donor polymers.

6.1.2  Experimental Section

Materials: PSEHTT (M, = 33.9 kDa, PDI = 3.9) was synthesized according to the known
procedure?>. PBDTT-FTTE (M, > 25 kDa, PDI = 1.8 — 2.2) and PC71BM were purchased from
Solarmer Energy, Inc. and American Dye Source, Inc. (Quebec, Canada), respectively, and were
used as received without further purification.

Synthesis of 2,5-bis(8-(17-phenyl)-7,9,16,18-tetraazabenzodifluoranthene-3,4,12,13-
tetracarboxylic acid diimide)-3,4-ethylenedioxythiophene (DBFI-EDOT): Under argon, Ph-
BFI-Br (200 mg, 0.14 mmol), 2,5-bis(trimethylstannyl)-3,4-ethylenedioxythiophene (32.8 mg,
0.07 mmol), Pdx(dba)s (9 mg) and P(o-Tol); (12 mg) were transferred into a Schlenk tube and

dissolved in 14 mL of degassed toluene. The mixture was heated to reflux and kept stirring for
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72 hours. After removing all the volatile materials, the solid residue was purified by
chromatography with chloroform and a few drops of methanol as the eluent. The product was
isolated as a green solid. Yield: 101 mg, 52.1%. 1H NMR (CDCI3, 0 °C, 500 MHz): [] = 9.25
(br, 4H), 8.75 (s, 4H), 8.65 (s, 4H), 8.53 (s, 4H), 7.97 (br, 4H), 7.80 (m, 6H), 4.14 (d, 8H), 2.77
(br, 10H), 2.39 (br, 4H), 1.20 (s, 4H), 1.4-1.1 (m, 150H), 0.83 (m, 24H). Elemental analysis
caled for C182H226N1208S: C 78.80%, H 8.21%, N 6.06%; found C 79.26%, H 8.00%, N
5.99%. HRMS (m/z): [M]+ calcd. for C182H226N12010S, 2772.73; found, 2773.39.
Characterization: '"H NMR spectra at 300 MHz was recorded on a Bruker-AF300 spectrometer
to verify the molecular structure. TGA thermogram was acquired on a TA Instruments Q50 TGA
at a heating rate of 20 °C per minute under argon gas flow.

HOMO/LUMO energy levels were estimated by cyclic voltammetry (CV). CV experiments
were done on an EG&G Princeton Applied Research potentiostat/galvanostat (model 273A) in an
electrolyte solution of 0.1 M tetrabutylammonium hexafluorophosphate (BusNPFs) in
acetonitrile at a scan rate of 40 m/Vs. Platinum (Pt) wires were used as counter and working
electrodes, and Ag/Ag+ (Agin 0.1 M AgNO3 solution, Bioanalytical System, Inc.) was used as a
reference electrode. Ferrocene/ferrocenium (Fc/Fc+) was used as an internal standard, and the
reference potential was converted to the saturated calomel electrode (SCE) scale. Each sample
for CV was prepared by dip-coating the solution in chloroform onto Pt wires.

Optical absorption spectra were measured on a Perkin-Elmer model Lambda 900 UV/vis/near-
IR spectrophotometer. Solution and solid-state absorption spectra were obtained from dilute (10-
6 M) solutions in chloroform and as thin films on glass substrates, respectively.

X-ray diffraction (XRD) patterns were obtained from a Bruker F8 power XRD with a Cu Ka

radiation as the X-ray source, and the film samples were prepared by drop-casting of highly

198



concentrated polymer solutions (30 mg/mL) in chlorobenzene onto glass substrates and followed
by annealing on a hot plate at 175 °C for 10 minutes. The mean size of the crystalline domains
(Lc) of the polymers was calculated from the lamellar peaks using the Scherrer equation’®, Lc =
K)\/B cos 0, where K is shape factor (0.9), A is X-ray wavelength (1.54 A), and B is the fwhm in
radian. The peak center and the fwhm were obtained by fitting the lamellar peak using Gaussian
function in Origin software.

Bright field transmission electron microscopy (BF-TEM) images were acquired on an FEI
Tecnai G2 F20 TEM at 200 kV accelerating voltage and acquired with a CCD camera and
recorded with Gatan Digital Micrograph software with proper exposure time (0.1 sec). The TEM
images were slightly defocused to enhance the phase contrast. The sample films were spin-casted
on top of ITO/PEDOT:PSS substrates and peeled off by putting the samples in water. A peeled-
off film was deposited on a TEM grid (Electron Microscopy Sciences, Inc.) and dried overnight
in a vacuum oven.

Nonfullerene OPV Device Fabrication: 1TO glass substrates were cleaned sequentially in
ultrasonic baths with acetone and isopropyl alcohol for 20 minutes, dried using nitrogen gas, and
stored in a glove box. Each ITO glass substrate was UV-ozone treated for 5 minutes right before
coating the ZnO layer. The ZnO precursor solution (5 g of zinc acetate, 0.14 g of ethanolamine
and 5 mL of 2-methoxyethanol) was spin-coated onto the ITO glass at 5000 rpm for 40 sec,
annealed at 250 °C on a hot plate in air for 1 hr to make ~ 20 nm thick ZnO layer. A 0.05 wt %
polyethylenimine (PEI, M,, ~ 25000, Aldrich 408727) in 2-methoxyethanol solution was spin-
coated onto the ZnO layer and dried at 110 °C on a hot plate in air for 10 minutes and the
glass/ITO/ZnO/PEI substrate was transferred into an argon-filled glove box. Each active layer

was spin-coated from the acceptor:polymer blend solution in chlorobenzene solvent. The
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solution for the active layer, DBFI-EDOT:PSEHTT blend (2:1 wt/wt), was prepared from the
DBFI-EDOT (20 mg/mL) and PSEHTT (10 mg/mL) solutions in chlorobenzene, mixed and
stirred overnight at room temperature in the glove box. The solution for the active layer, DBFI-
T:PBDTT-FTTE blend (2.5:1 wt/wt), was prepared from the DBFI-EDOT (20 mg/mL) and
PBDTT-FTTE (20 mg/mL) solutions in chlorobenzene, mixed and stirred overnight at room
temperature in the glove box. Each active layer was spin-coated at 1000 rpm for 30 seconds.
After spin-coating, the blend film was thermally annealed at 175 °C on a hot plate in the glove
box for 10 minutes. MoOs (7.5 nm) and Ag anode (100 nm) were thermally deposited onto the
active layer. Five pixels, each with an active area of 4 mm?, were fabricated per ITO substrate.
OPV Device Characterization: The photovoltaic cells were tested under AM 1.5 G solar
illumination at 100 mW/cm? in ambient air 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 mmx1mm) 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 each 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 in the near quadratic region according to the modified Mott-Gurney equation.?
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The SCLC device structures for electron-only and hole-only measurements were
ITO/ZnO/active-layer/LiF/Al and ITO/PEDOT:PSS/active-layer/Au, respectively. Each active
layer (PNDIS-HD:PBDTTT-CT or xPDI:PBDTTT-CT blend (1:1 wt/wt )) solution (25 mg/mL)
in chlorobenzene with 3 vol/% DIO solvent additive was spin-coated at 1000 rpm for 20 seconds.
After spin-coating, the wet film was film-aged inside the glove box at room temperature for 96

hours (4 days) followed by thermal vacuum deposition of LiF (1 nm)/Al (100 nm) or Au (40 nm).

6.1.3 Results and Discussions
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Scheme 9. Synthesis of DBFI-EDOT.

Synthesis, 3D Geometry, Absorption Spectra, and Electronic Structure. The new electron
acceptor, 2,5-bis(8-(17-phenyl)-7,9,16,18-tetraazabenzodifluoranthene-3,4,12,13-tetracarboxylic
acid diimide)-3,4-ethylenedioxythiophene (DBFI-EDOT) was synthesized by the Stille cross-
coupling  reaction of the  previously  reported 8-bromo-17-phenyl-7,9,16,18-
tetraazabenzodifluoranthene -3,4,12,13-tetracarboxylic acid diimide (Ph-BFI-Br)’ with 2,5-
bis(trimethylstannyl)-3,4-ethylenedioxythiophene (Scheme 9). The molecular structure of DBFI-
EDOT was confirmed by '"H NMR spectroscopy at 0 °C, elemental analysis and high resolution
mass spectroscopy. DBFI-EDOT has good solubility (>30 mg/mL) in common organic solvents,

e.g. chloroform, chlorobenzene, toluene, etc. at room temperature, which is suitable for solution-
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based device fabrication techniques i.e. spin-coating, inkjet or roll-to-roll printing, etc. DBFI-
EDOT is thermally stable over 420 °C (5% weight loss) according to thermogravimetric analysis
(TGA); differential scanning calorimetry (DSC) scans did not show any thermal transitions in the

20 —300 °C range.

Figure 45. Front and side views of the optimized geometry of DBFI-EDOT. The DFT
calculations were performed at the B3LYP/6-31G(d) level by replacing the 2-decyltetradecyl

groups with methyl groups.

The optimized 3D molecular geometry of DBFI-EDOT is shown in Figure 45. Replacing the
decyltetradecyl (R) groups in DBFI-EDOT with methyl groups simplified the DFT calculations
at the B3LYP/(6-31G(d) level, giving the geometry optimized structure. Representative
geometry parameters show that DBFI-EDOT has a highly twisted 3D structure with 76 ° twisting
angle 0 between the BFI units. Moreover, both BFI units rotated a larger angle (52°155°) with
respect to the central thiophene plane in DBFI-EDOT than in DBFI-T to avoid large steric

hindrance induced by the ethylenedioxy group. Thus, incorporating a 3,4-ethylenedioxy-2,5-
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thienylene linker between the BFI units in the DBFI dimer framework has dramatically twisted

the molecular structure into a nearly perpendicular and more isotropic arrangement.
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Figure 46. (a) Thin film optical absorption spectra of DBFI-EDOT, PSEHTT and PBDTT-
FTTE. (b) Energy level diagram based on cyclic voltammetry-derived HOMO/LUMO energy
levels of DBFI-EDOT, PSEHTT, PBDTT-FTTE, and PC71BM.

We used two donor polymers, PSEHTT?® and poly(4,8-bis(5-(2-ethylhexyl)thiophen-2-
yl)benzo[ 1,2-b;4,5-b’]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[ 3,4-b]thiophene-
)-2-carboxylate-2-6-diyl)) (PBDTT-FTTE)!® 2!, shown in Figure 46a, to evaluate the
photovoltaic properties of the new acceptor. Both polymers have previously been used to
produce high performance BHJ solar cells when paired with PC7:BM!' 2! 5 or with some
nonfullerene acceptors’ 4. The thin film absorption spectrum of DBFI-EDOT overlaid with that
of the donor polymers, PSEHTT and PBDTTT-FTTE, is shown in Figure 46b. DBFI-EDOT has
an intense high-energy absorption band centered at 391 nm with a maximum absorption
coefficient (0imax) of 6.5%10% cm™!, which compensates the poor absorption of the donor polymers
PSEHTT and PBDTT-FTTE in this region. An additional broad low-energy absorption band was
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observed in the 500-730 nm region (Cmax = 7.10x10°> cm™! at 615 nm), giving rise to an optical
band gap (Eg) of 1.70 eV. The smaller absorption coefficient of DBFI-EDOT compared to
PSEHTT (Eg = 1.77 €V, tmax = 1.08x10° cm™ at 580 nm) and PBDTT-FTTE (Eg = 1.57 €V, Omax
= 8.61x10* cm™! at 645 nm) suggests that acceptor/donor blend ratio of greater than 1 would be
needed to maximize light harvesting in BHJ devices.

The electronic structures of DBFI-EDOT and donor polymers (PSEHTT and PBDTT-FTTE)
were investigated by using cyclic voltammetry (CV) of thin films. The ferrocene/ferrocenium
(Fc/Fc') reference was used as an internal standard, which was assigned an absolute energy of
—4.8 eV vs vacuum level.?® The highest occupied molecular orbital (HOMO)/the lowest
unoccupied molecular orbital (LUMO) energy levels of DBFI-EDOT calculated from the onset
oxidation/reduction potentials of cyclic voltammograms are -5.72 eV/-3.65 eV, respectively. The
HOMO/LUMO energy levels of PSEHTT and PBDTT-FTTE were -5.10 eV/-3.30 eV and -5.44
eV/-3.34 eV, respectively. The frontier molecular orbital energy of DBFI-EDOT forms good
energetic offsets (~0.3 eV) with the donor polymers (Figure 46¢), providing sufficient driving
energy for photoinduced charge transfer in BHJ cells?*”-?%. Note the higher lying LUMO level of
DBFI-EDOT compared to PC7iBM (-4.0 eV)!® 2°, which could facilitate achievement of higher
Voc in photovoltaic device applications.

Photovoltaic Properties. We fabricated photodiodes with an inverted structure
(ITO/ZnO/DBFI-EDOT:polymer/MoQs/Ag) (Figure 47a) and tested them under 100 mW/cm?
air mass 1.5 global (AM 1.5 G) solar illumination in ambient air. The DBFI-EDOT:polymer
blend active layer was prepared under optimized conditions of spin coating from a
chlorobenzene solution and thermally annealed at 175 °C for 10 minutes in an argon-filled

glovebox. The active layer composition was optimized by evaluating DBFI-EDOT:polymer
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blend ratios from 1.5:1 to 3:1 (wt:wf) and found the optimized composition to be 2:1 and 2.5:1
for DBFI-EDOT:PSEHTT and DBFI-EDOT:PBDTT-FTTE blends, respectively. Current density
versus voltage (J-V) curves and external quantum efficiency (EQE) spectra of the best DBFI-
EDOT:polymer photodiodes are shown in Figure 47b and Figure 47c, respectively. The
photovoltaic parameters, including Js, Voc, FF, and PCE, extracted from the J-V curves for the
DBFI-EDOT:polymer devices, are summarized in Table 21 along with those of the reference

PC71BM:polymer photodiodes.
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Figure 47. (a) Schematic of the inverted photovoltaic cell. Current density-voltage

characteristics (b), external quantum efficiency (EQE) curves (c), and short-circuit current

density (Jsc) versus light intensity (Plight) data and power-law (Jsc «Plights) fit (d) of DBFI-

EDOT:PSEHTT (2:1, wt/wt) and DBFI-EDOT:PBDTT-FTTE (2.5:1, wt/wt) devices.

A maximum PCE of 8.10 % and an average PCE of 7.85+0.18 % were achieved in the

optimized DBFI-EDOT:PSEHTT devices (Table 21). Both of these values are by far the best
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performance seen in nonfullerene polymer solar cells to date. For comparison the reference
optimized PC71BM:PSEHTT photodiodes, gave the best PCE of 5.62 % with an average PCE of
5.5240.09 %. Thus, for the same donor polymer PSEHTT, the conversion efficiency of the
nonfullerene acceptor, DBFI-EDOT, exceeds that of PC71BM by 44 %. The enhanced
performance of DBFI-EDOT devices is largely a result of the enhanced Voc (0.93 V) compared
to the PC71BM cells (0.67 V).

Table 21. Photovoltaic properties of DBFI-EDOT:polymer and PC71BM:polymer blends under

optimized conditions.

Ise Voc PCE Rsu Rs
Blend FF

(mA/cm?) \%) (%) (Qcm2) (Qcm2)
DBFI-EDOT: | 13.82 0.93 0.63 8.10 197 13 574
PSEHTT (13.51£0.34) (0.921+0.005) (0.631+0.004) (7.85+0.18)
PC7BM: 13.18 0.67 0.64 5.62 696.19 5.40
PSEHTT (12.78+0.26) (0.667+0.003) (0.648+0.007) (5.52+0.09)
DBFI-EDOT: | 13.99 0.95 0.51 6.70 286,13 L0.01
PBDTT-FTTE | (13.50+0.34) (0.947+0.003) (0.50+0.01) (6.42+0.19)
PC7BM: 16.59 0.79 0.63 8.12 39101 651
PBDTT-FTTE | (16.22+0.61) (0.784+0.006) (0.606+0.019) (7.67+0.25)

The photovoltaic properties were averaged over 20 devices.

Optimized DBFI-EDOT:PBDTT-FTTE devices had a maximum PCE of 6.70 % and an
average of 6.42+0.19 %. This performance is also among the best for nonfullerene polymer solar
cells!"!>. However, the reference optimized PC71BM:PBDTT-FTTE devices had a maximum
PCE of 8.12 % and an average of 7.67+0.25 %, which are in agreement with previously reported
values for this BHJ system!®-2!. Although the Voc of DBFI-EDOT devices with PBDTT-FTTE is
larger (0.95 V) compared to that of PC71BM devices (0.79 V), the Jsc and FF values of the
fullerene devices are much higher. Such differences in Js. and FF values are likely due mainly to

a non-optimal morphology® in DBFI-EDOT:PBDTT-FTTE blends.
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The EQE spectra of the best DBFI-EDOT:polymer devices are given in Figure 47c, with
photoresponses spanning 300 — 730 nm for PSEHTT and 300 — 800 nm for PBDTT-FTTE. Note
the valleys in the 440 — 540 nm range of the EQE spectra of both BHJ devices. Observed peak
EQE values of 79.1 % at 400 nm and 81.6 % at 580 — 650 nm in DBFI-EDOT:PSEHTT devices
are the highest observed so far in nonfullerene polymer solar cells and are comparable to the best
PC7BM:polymer devices'®?!. Also note that observed photocurrent generation above 700 nm in
DBFI-EDOT:PSEHTT comes from excitons in DBFI-EDOT since PSEHTT does not absorb
above 700 nm. As with PSEHTT devices, the peak EQE values (78 % at 400 nm and 72 % at 600
— 700 nm) in PBDTT-FTTE devices are due to contributions from photoinduced hole and
electron transfer processes, respectively. Given the observed high EQE values, optical band gap
losses (Eioss = Eg — €Voc) in the DBFI-EDOT devices, 0.77 eV for PSEHTT and 0.62 eV for
PBDTT-FTTE, are remarkably low among high efficiency polymer solar cells?®. Theoretical Jsc
values calculated from the EQE spectra and the AM 1.5 G solar spectrum are 13.07 mA cm for
PSEHTT device and 13.25 mA c¢cm? for PBDTT-FTTE device, which are in good agreement
with the values obtained from the J-V curves.

The effect of processing additive, 1,8-diiodooctane (DIO)** 33, on photovoltaic performance in
the best DBFI-EDOT:PSEHTT (1:1 wt/wt) devices was also investigated by varying the
composition of DIO from 0 vol % to 5 vol % with the primary solvent chlorobenzene. Unlike the

well-known positive effect of DIO in fullerene-based polymer solar cells®? 3

, a dramatically
decreased photocurrent and fill factor are observed using DIO in our nonfullerene system. Even
with very small amount of DIO (1 vol %), the PCE decreased to 4.89 % with significantly lower
Jsc and FF of 9.66 mA/cm? and 0.55, respectively, while the Vo (0.93 V) was consistent. By

increasing the composition of DIO, further decreased performance was observed. PCE of 2.92 %
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(Jse=5.91 mA/ecm?, Voc = 0.92 V, and FF = 0.54) in 3 vol % DIO device and PCE of 2.44 % (Js«
= 5.31 mA/cm?, Voc = 0.91 V, and FF = 0.51) in 5 vol % DIO device were observed. These
results show that our current device fabrication condition without processing additive is optimal.

Charge Recombination Kinetics and Charge Transport Properties. To gain insight into the
charge recombination kinetics in DBFI-EDOT:polymer solar cells, we measured Jsc as a function
of illumination intensity Piigne as presented in Figure 47d. Linearity (s = 1) in the power-law
dependence (Jsc & Piighe®) generally indicates weak charge carrier losses due to bimolecular
recombination, whereas sublinearity (s < 1) implies significant bimolecular recombination®*. The
observed power-law exponent in DBFI-EDOT:PSEHTT devices (s = 1.003) and DBFI-
EDOT:PBDTT-FTTE devices (s = 0.949) means that there is much less bimolecular
recombination in the PSEHTT devices than in the PBDTT-FTTE devices. The increased
bimolecular recombination in PBDTT-FTTE devices can partly explain their lower fill factor and
Jsc, smaller shunt resistance Rsy, and larger series resistance Rs compared to the PSEHTT
devices (Table 21).

To further understand the observed trends in Jsc and FF values, we measured the bulk charge
transport in the DBFI-EDOT:polymer and PC71BM:polymer blend active layers, which were
prepared similarly to the photovoltaic devices, by using the space charge limited current (SCLC)
method. The electron mobility was measured in an ITO/ZnO/PEl/active layer/LiF/Al device
structure, and the hole mobility was measured in an ITO/PEDOT:PSS/active layer/Au device
structure. The current—voltage curves and SCLC fittings of the data are shown in Figure 48 and
the hole and electron mobilities (pn, L) are summarized in Table 22. The results show that the
hole transport (un ~ (0.7 — 1.0) 10 cm? V-'s!) is comparable in all the blend active layers.

Electron mobility is much higher in all the blends due largely to the presence of the PEI
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interlayer®, varying from 8.60x10 ¢cm? V-!s! in DBFI-EDOT:PBDTT-FTTE to 6.80x102 cm?
Vs in DBFI-EDOT:PSEHTT. The resulting carrier asymmetry (pn/pe = 0.11) in the DBFI-
EDOT:PSEHTT devices suggests that their further improvement is possible either through a

different polymer or by means of a suitable anode interlayer.
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Figure 48. Current—voltage curves and SCLC fittings of DBFI-EDOT:PSEHTT, DBFI-
EDOT:PBDTT-FTTE blend films and corresponding PC71BM blends. Hole-only SCLC devices
(a—d): ITO/PEDOT:PSS/blend/Au and electron-only SCLC devices (e—h):
ITO/ZnO/PEl/blend/LiF/Al.
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Table 22. bulk charge carrier mobilities of DBFI-EDOT:polymer and PC71BM:polymer blends

under optimized conditions.

Blend th e
(cm?/Vs) (cm?/Vs)
DBFI-EDOT:PSEHTT 7.53%x1073 6.80x107
PC#BM:PSEHTT 7.90x1073 1.28x10?
DBFI-EDOT:PBDTT-FTTE 6.95x1073 8.60x1073
PC#1BM:PBDTT-FTTE 9.75x1073 1.02x107?

0.4 pm 100 n-m

Figure 49. Bright-field (BF)-TEM images of DBFI-EDOT:PSEHTT (2:1 wt/wt) blend film (a, b)
and DBFI-EDOT:PBDTT-FTTE (2.5:1 wt/wt) blend film (c, d).

Morphology of BHJ Solar Cells. We used bright-field transmission electron microscopy (BF-
TEM) to observe the bulk morphology of DBFI-EDOT:polymer blend films (Figure 49).
Interconnected phase-separated domains of about 20 nm size are observed in the DBFI-

EDOT:PSEHTT blend. In contrast, a less defined phase separation was observed in DBFI-
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EDOT:PBDTT-FTTE blend film, which is possibly due to the poorer crystallinity of PBDTT-
FTTE compared to PSEHTT. X-ray diffraction (XRD) characterization of both the pure polymer
films and the DBFI-EDOT:polymer blend films confirmed the difference in crystallinity. Mean
crystalline domain size (Lc)*® of 8.02 nm and 7.62 nm was observed in pure PSEHTT film and its
blend film, respectively, compared with 4.01 nm and 4.55 nm in pure PBDTT-FTTE and its
blend, respectively. These observations are in agreement with the previously discussed lower
bulk charge carrier mobilities, higher rate of bimolecular recombination, and lower exciton
dissociation probability in the DBFI-EDOT:PBDTT-FTTE devices compared to DBFI-

EDOT:PSEHTT photodiodes.

6.14 Conclusions

In conclusion, I have successfully demonstrated fullerene-free polymer solar cells with
efficiency comparable to some of the best PC71BM/polymer devices by using DBFI-EDOT
electron acceptor. Success of DBFI-EDOT demonstrates that the twisting angle between building
block elements in a molecule is a promising rational design strategy towards more efficient OPV
electron acceptors. Observed high Vo (0.93 — 0.95 V), high quantum efficiency (~ 80 %) and
rather low optical band gap energy loss (0.62 — 0.77 eV) in DBFI-EDOT devices offer
opportunity for deepening understanding of OPV device physics beyond fullerene limits®!. The
finding that efficiency (8.1 %) of DBFI-EDOT:PSEHTT devices exceeds that of
PC71BM:PSEHTT photodiodes by 44 %, suggests that further advances in materials and device

engineering will enable nonfullerene OPVs to surpass current fullerene-based solar cells.

6.1.5 References

(1) Sonar, P.; Lin, J. P. F.; Chan, K. L Energy Environ. Sci. 2011, 4, 1558.

211



(2) Woo, C. H.; Holcombe, T. W.; Unruh, D. A.; Sellinger, A.; Frechet, J. M. J. Chem. Mater.
2010, 22, 1673.

(3) Ahmed, E.; Ren, G.; Kim, F. S.; Hollenbeck, E. C.; Jenekhe, S. A. Chem. Mater. 2011, 23,
4563.

(4) Anthony, J. E. Chem. Mater. 2011, 23, 583.

(5) Zhou, Y.; Ding, L.; Shi, K.; Dai, Y. Z.; Ai, N.; Wang, J.; Pei, J. Adv. Mater. 2012, 24, 957.

(6) Hartnett, P. E.; Timalsina, A.; Ramakrishna Matte, H. S. S.; Zhou, N.; Guo, X.; Zhao, W.;
Facchetti, A.; Chang, R. P. H.; Hersam, M. C.; Wasielewski, M. R.; Marks, T. J. J. Am. Chem.
Soc. 2014, 136, 16345.

(7) Bloking, J. T.; Giovenzana, T.; Higgs, A. T.; Ponec, A. J.; Hoke, E. T.; Vandewal, K.; Ko,
S.; Bao, Z.; Sellinger, A.; McGehee, M. D. Adv. Energy Mater. 2014, 4, 1301426.

(8) Pho, T. V.; Toma, F. M.; Tremolet de Villers, B. J.; Wang, S.;

Treat, N. D.; Eisenmenger, N. D.; Su, G. M.; Coffin, R. C.; Douglas, J. D.; Fréchet, J. M. J,;
Bazan, G. C.; Wudl, F.; Chabinyc, M. L. Adv. Energy Mater. 2014, 4, 1301007.

(9) Li, H.; Earmme, T.; Ren, G.; Saeki, A.; Yoshikawa, S.; Murari, N. M.; Subramaniyan, S.;
Crane, M. J.; Seki, S.; Jenekhe, S. A. J. Am. Chem. Soc. 2014, 136, 14589.

(10) Zhong, Y.; Trinh, M. T.; Chen, R.; Wang, W.; Khlyabich, P. P.; Kumar, B.; Xu, Q.; Nam, C.
Y.; Sfeir, M. Y.; Black, C.; Steigerwald, M. L.; Loo, Y. L.; Xiao, S.; Ng, F.; Zhu, X. Y.; Nuckolls,
C.J. Am. Chem. Soc. 2014, 136, 15215.

(11) Zhang, X.; Zhan, C.; Yao, J. Chem. Mater. 2015, 27, 166.

(12) Holliday, S.; Ashraf, R. S.; Nielsen, C. B.; Kirkus, M.; Rohr, J. A.; Tan, C. H.; Collado-
Fregoso, E.; Knall, A. -C.; Durrant, J. R.; Nelson, J.; McCulloch. L. J. Am. Chem. Soc. 2015, 137,

898.

212



(13) Zhao, J.; Li, Y.; Lin, H.; Liu, Y.; Jiang, K.; Mu, C.; Ma, T.; Lai, J. Y. L.; Hu, H.; Yu, D.;
Yan, H. Energy Environ. Sci. 20185, 8, 520.

(14) Lin, Y.; Zhang, Z. G.; Bai, H.; Wang, J.; Yao, Y.; Li, Y.; Zhu, D.; Zhan, X. Energy Environ.
Sci. 2015, 8, 610.

(15) Li, H.; Hwang, Y. J.; Courtright, B. A. E.; Eberle, F. N.; Subramaniyan, S.; Jenekhe, S. A.
Adv. Mater. 2015, DOI:10.1002/adma.201500577.

(16) He, Z.; Zhong, C.; Su, S.; Wu, H.; Cao, Y. Nature Photon. 2012, 6, 591.

(17) Li, G.; Zhu, R.; Yang, Y. Nature Photon. 2012, 6, 153.

(18) Guo, X.; Zhou, N.; Lou, S. J.; Smith, J.; Tice, D. B.; Hennek,J.W.; Ortiz, R. P.; Lopez
Navarrete, J. T.; Li, S.; Strzalka, J.; Chen, L. X.; Chang, R. P. H.; Facchetti, A.; Marks, T. J.
Nature Photon. 2013, 7, 825.

(19) Liao, S. H.; Jhuo, H. J.; Cheng, Y. S.; Chen, S. A. Adv. Mater. 2013, 25, 4766.

(20) Brabec, C. J.; Gowrisanker, S.; Halls, J. J. M.; Laird, D.; Jia, S.; Williams, S. P. 4dv.
Mater. 2010, 22, 3839.

(21) Cui, C.; Wong, W. Y.; Li, Y. Energy Environ. Sci. 2014, 7, 2276.

(22) Savoie, B. M.; Rao, A.; Bakulin, A. A.; Gelinas, S.; Movaghar, B.; Friend, R. H.; Marks, T.
J.; Ratner, M. A. J. Am. Chem. Soc. 2014, 136, 2876.

(23) Roncali, J.; Leriche, P.; Cravino, A. Adv. Mater. 2007, 19, 2045.

(24) Li, H.; Earmme, T.; Subramaniyan, S.; Jenekhe, S. A. Adv. Energy Mater. 2015, 5,
1402041.

(25) Subramaniyan, S.; Xin, H.; Kim, F. S.; Shoaee, S.; Durrant, J. R.; Jenekhe, S. A. Adv.
Energy Mater. 2011, 1, 854.

(26) Pavlishchuk, V. V.; Addison, A. W. Inorg. Chim. Acta 2000, 298, 97.

213



(27) Heeger, A. J. Adv. Mater. 2014, 26, 10.

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

(29) Wienk, M. M.; Kroon, J. M.; Verhees, W. J. H.; Knol, J.; Hummelen, J. C.; van Hal, P. A.;
Janssen, R. A. J. Angew. Chem. Int. Ed. 2003, 42, 3371.

(30) Jackson, N. E.; Savoie, B. M.; Marks, T. J.; Chen, L. X.; Ratner, M. A. J. Phys. Chem. Lett.
2015, 6, 77.

(31) Li, W.; Hendriks, K. H.; Furlan, A.; Wienk, M. M.; Janssen, R. A. J. J. Am. Chem. Soc.
2015, 737, 2231.

(32) Peet, J.; Kim, J. Y.; Coates, N. E.; Ma, W. L.; Moses, D.; Heeger, A. J.; Bazan, G. C.
Nature Mater. 2007, 6, 497.

(33) Xin, H.; Guo, X.; Ren, G.; Watson, M. D.; Jenekhe, S. A. Adv. Energy Mater. 2012, 2, 575.

(34) Zhou, Y.; Fuentes-Hernandez, C.; Shim, J.; Meyer, J.; Giordano, A. J.; Li, H.; Winget, P.;
Papadopoulos, T.; Cheun, H.; Kim, J.; Fenoll, M.; Dindar, A.; Haske, W.; Najafabadi, E.; Khan, T.
M.; Sojoudi, H.; Barlow, S.; Graham, S.; Brédas, J. -L.; Marder, S. R.; Kahn, A.; Kippelen, B.
Science 2012, 336, 327.

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

(36) Patterson, A. L. Phys. Rev. 1939, 56, 978.

214



Chapter 7. CONCLUSIONS AND OUTLOOK

7.1  CONCLUSIONS

The results of this thesis research have addressed several major challenges in the field of
organic electronics and photonics, including the scarcity of n-type semiconducting polymers, the
low electron mobilities in n-channel OFETs, and the low photocurrent and efficiency of all-
polymer solar cells. Throughout this work, I have studied factors that govern the performance of
n-channel OFETs and all-polymer solar cells, and this can provide guidelines to develop better -
type polymer semiconductors and future low cost organic electronics and solar energy
technologies.

I have developed new polymer semiconductors using the donor (D)-acceptor (A) design
strategy to explore new building blocks and facile tuning of the material properties, including
electronic structures, optical properties, solid state packing structure, and solubility. In the study
of thieno[3,4-c][1,2,5]thiadiazole (TTD)-based copolymers, various comonomer moieties,
including phenylene, benzodithiophene, vinylene, and dithienopyrrole, were utilized, and the
HOMO/LUMO energy levels were varied in the range of 4.9 — 5.1 eV/3.4 — 3.6 eV below

vacuum depending on the donor moiety. Moderate p-channel field effect mobilities in the range

of ~10° = ~10" cm*Vs were achieved, and small optical band gaps (~ 1 eV) with broad light
absorption, which extended up to 1400 nm, were observed. These results suggest that the TTD
moiety is a strong electron-accepting building block for the development of D-A copolymers and
the resulting polymers have potential applications in electronic and optoelectronic devices.

I also explored a series of poly(naphthalene diimides) (PNDIs) based on the well-known

strong electron-withdrawing naphthalene diimide (NDI) building block combined with various
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selenophene derivatives as comonomer in a D-A conjugated polymer structure. The combination
of low lying LUMO enegy levels (-3.8 — -4.0 eV) and highly ordered lamellar crystalline
structures in the PNDIs gave rise to high performance n-channel OFETs with field-effect
electron mobilities of up to 0.24 cm?/Vs. The photovoltaic properties of the PNDIs in bulk
heterojunction (BHJ) all-polymer solar cells, with various electron-donating (p-type) polymers,
including poly(3-hexylthiophene) (P3HT) and thiazolothiazole-dithienylsilole copolymer
(PSEHTT), were investigated. A record performance (PCE = 3.3 %, J,c= 7.78 mA/cm?, and EQE
=47 %) was achieved in all-polymer solar cells incorporating NDI-selenophene copolymer with
relatively short 2-hexyldecyl (HD) alkyl side chain (PNDIS-HD) as an acceptor and PSEHTT as
a donor. The superior photovoltaic properties of PNDIS-HD compared to other PNDIs suggest
that the choice of comonomer, unipolar electron transport with high bulk mobility and size of
alkyl side chains are important factors in the design of suitable acceptor polymers for BHJ solar
cells.

To further explore the effects of side chains, a series of new n-type conjugated
copolymers, PNDIS-xBO (x=10, 30, 50), which have different composition and distribution of
the alkyl side chains (2-decyltetradecyl (DT) and 2-butyloctyl (BO)) was synthesized, and their
photovoltaic properties were investigated. In this study, I found that the enhanced backbone
planarity of PNDIS-xBO with higher composition, x, of the short side chain (BO) up to 30 %
leads to higher bulk charge carrier mobility, and thus enhanced photocurrent (10.4 mA/cm?) and
efficiency (PCE = 4.4 %) of all-polymer solar cells. Therefore, this study suggests that side chain
engineering is an effective strategy to overcome inferior photocurrent in all-polymer solar cells.

A hypothesis that material crystallinity controls polymer/polymer compatibility and blend

morphology and thus photovoltaic properties was tested by designing a series of new
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semiconducting naphthalene diimide (NDI)-selenophene/perylene diimide (PDI)-selenophene
random copolymers, xPDI (10PDI, 30PDI, 50PDI), whose crystallinity varies with composition,
and investigated them as electron acceptors in BHJ solar cells. In this study, I observed that an
incompatible polymer/polymer blend system composed of the crystalline (L. = 10.22 nm)
acceptor polymer PNDIS-HD with crystalline (L. = 9.47 nm) donor polymer PBDTTT-CT had a
low PCE of 1.4 %, however, the blend system becoms compatible with a high PCE of 6.3 %
when the crystallinity (Lc = 5.11 nm) of the acceptor polymer was optimized. The highly
enhanced photovoltaic performance originates from the dramatically changed surface and bulk
morphologies of the polymer/polymer blends, depending on the bulk crystallinity of the acceptor
polymer. This study suggests that the bulk crystallinity quantified in terms of the average
crystalline domain size L. is a material property that can be used as an important criterion for
selecting donor/acceptor pairs in polymer/polymer blend solar cells.

In addition, I demonstrated that high performance all-polymer solar cells can be achieved
by controlling the film forming conditions. Two different film forming conditions, including
thermal (175 °C) annealing and room temperature film aging, were applied to all-polymer
(PNDIS-HD:PBDTT-FTTE) blend system. Slow self-organization of the polymers facilitated by
film-aging process enabled improvement in electron mobility and the favorable bulk morphology,
and the resulting all-polymer solar cells showed about two-fold enhanced power conversion
efficiency of 7.7 % compared to the thermally annealed devices.

Finally, the effects of the 3D molecular structure on the photovoltaic properties was
studied using a highly twisted tetraazabenzodifluoranthene diimide (BFI) based dimeric small
molecule acceptor (DBFI-EDOT) as a model compound. In this study, a strong correlation

between twisted angle in the acceptor and photovoltaic performance was revealed, and for the
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first time, a superior photovoltaic performance (PCE = 8.1 %) was observed in nonfullerene
OPVs compared with the corresponding PC71BM based devices. This result suggests that
optimizing 3D conformation of acceptor is a promising rational design strategy towards more
efficient small molecule and polymer acceptors in non-fullerene OPVs.

Overall, the results of this research have helped to advance some areas of the field of
organic electronic and photonics. In particular, the results of this work provide guidelines to
develop better n-type polymer semiconductors for future low cost organic electronics and solar

energy technologies.

7.2  OUTLOOK

My finding throughout this work that the photocurrent and open-circuit voltage of all-
polymer solar cells can be superior compared to those of fullerene/polymer OPVs showed a
bright future of all-polymer solar cells as a next generation of OPVs whereas observed low fill
factors in the system suggests that the future studies have to focus on improving fill factors to
achieve all-polymer solar cells that outperform the fullerene based OPVs. Fill factor is a
morphology dominated property and is tightly related to the charge recombination process,
including both geminate and bimolecular recombination. Mixed phases that can provide large
interfacial area between donor and acceptor polymers are important to reduce the geminate
recombination in the system due to the limited diffusion length of excitons, and well
interconnected phase separated domains are also important for efficient charge transport and
preventing bimolecular charge recombination. Therefore, further optimization of materials and
device engineering to understand miscibility and phase separation kinetics in polymer/polymer
blends and achieve this ideal polymer/polymer blend morphology are necessary to prevent
charge recombinations and improve fill factor in the near future.
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In addition, there are many remaining challenges to be addressed for commercialization
of polymer electronic and photonics in the future. Most of the conjugated polymers have been
synthesized using Suzuki or Stille coupling copolymerization, which involves tedious
preparation of unstable and toxic organometallic reagents, and this is not suitable for large
quantity manufacturing process. Moreover, batch to batch variation of such polymerizations with
large polydispersity index causes more problems. Thus, development of green chemistry
providing ways to avoid toxic reagents, simplify the synthetic route, and improve consistency in
molecular weights of conjugated polymers will be an important future study topic. Furthermore,
studies on large area devices fabricated utilizing low cost solution processing techniques (blade
coating or roll-to-roll coating) are also desired for commercialization. A typical OPV devices
fabricated in the lab, however, are in millimeter scale using spin coating technique, and device
performance tends to be decreased dramatically by increasing the device area due to the

increasing probability of defects and inconsistent film morphology.
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