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Conjugated Polymer Electrolyte for High-Performance Polymer Solar

Cells

Sabrina Aufar Salma

Department of Polymer Engineering, The Graduate School

Pukyong National University

Abstract

A series of conjugated polymer electrolytes (CPEs) based on
dimethylamino propyl fluorene (FN), thiophene (T), benzothiadiazole
(BT), and dithienyl benzothiadiazole (TBT) were synthesized by the
Suzuki coupling reaction. Quaternarized polyelectrolytes were obtained
from the post-polymerization treatment of the amino-terminal group. The
incorporation of electron-rich (T), electron-deficient moieties (BT), and
their combination (TBT) in the polymer backbone represent the different
effects of polarity. Conjugated backbones are strengthened by varying their
electron affinity and conjugated planarity. We systematically investigated
the effect of applying CPEs with different backbones and functionalities in
the side chain. Different backbones produce different molecular dipoles,
and the side chain functionality induces an interfacial dipole. Inverted

polymer solar cells (iPSCs) based on a bulk heterojunction (BHJ) were

viii



fabricated with the ITO/ZnO/CPE/PTB7- Th:PC71BM/Mo0O3/Ag
structure. The device performance enhancement was achieved by inserting
CPE:s as the interlayer. Modifying the polymer backbone leads to improved
efficiency and modifying the side chain functionality improves the

performance compared with that of the interlayered neutral polymer.
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Chapter I

General Introduction

Research on renewable energies (such as solar energy and wind energy)
is becoming essential for researchers as a result of the rise in electricity
demand and the significant environmental risk posed by the use of fossil fuels
to generate electricity. Solar photovoltaic cells are used in solar energy
generation to transform solar energy into electricity. The efficiency of this

device is improving by improving the materials used in manufacturing it.!

Currently, the first two generations mostly serve the market. The first
generation is made up of well-known medium- and low-cost technologies that
produce average yields. Devices in the second generation (thin-film
technology) have lesser efficiency but are less expensive to produce. The
third generation uses pricey but very effective cells, a wide variety of designs,
and innovative materials. Despite being the fourth generation, the assessment

stated that performance and stability were still lacking.

Solar energy is directly converted into electricity using photovoltaic solar
cells, free from the intervention of a heat engine. In order to use new materials
that are more effective at converting solar energy into electricity, research

mostly focuses on the photovoltaic industry.> The power conversion
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efficiency Since the beginning of this decade, photovoltaic (PV) solar cell

power conversion efficiency has increased from 1% to over 20%.4

1. Organic/ Polymeric Solar Cells
Polymer solar cells are generally flexible solar cells due to the
polymer substrate. Due to the complexity of modeling complicated junction
geometries and the accompanying exciton dissociation processes, it is
challenging to determine the maximum feasible power conversion efficiency

from the ground up; however, an upper bound of 20% has been recorded.’

The organic solar cell is currently a fascinating alternative for
harvesting sunlight. The optoelectronic characteristics of conventional
semiconductors are combined with the good mechanical and processing
characteristics of polymeric materials, such as plastic, in the semiconducting
polymer. Using straightforward and less expensive deposition techniques like
spin coating or blade coating, they can be treated from solution at room

temperature onto a flexible substrate.

Conjugated polymers have been used to create effective light-emitting
diodes, field effect transistors, and photovoltaic diodes ever since their
electroluminescence was discovered in them. When opposed to
electrochemical cells, polymeric photovoltaic cells have several advantages,

most notably the lack of a liquid electrolyte, which causes issues with

2



airtightness, as well as the potential for even more affordable production
employing large area devices and flexible substrates. Small disposable solar
cells for smart plastic cards that can show the remaining value, photodetectors
in vast area scanners for medical imaging, and solar power applications for

uneven surfaces are just a few examples of potential uses.’

The organic conjugated molecules or polymers are semiconductors
that can self-assemble. The electrons are delocalized within the conjugated
backbone of molecules where the p,atomic orbitals overlap to produce
conjugation molecular orbitals. Van der Waals interactions and aromatic w —
7 interactions, which are significant in the solid state, are what cause inter-

molecular contacts to develop.®

The bandgap of the materials is defined as the energy difference
between the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) levels. By subtracting one electron
from the HOMO level or adding electrons to the LUMO level, the organic
semiconductor can be either p-doped or n-doped, respectively. The P-type is
material with electron donor capability, easy to transport holes, and is referred
to as the material with a high HOMO level. The n-type is a material with a
low LUMO level that easily transports electrons and has electron acceptor

capability.’



Charge carriers move easily in the conjugated backbone of polymers,
but inter-molecular charge transport in organic materials is much more
difficult. Hoping from one molecule to another limit macroscopic charge
transport. As a result, organic materials have significantly lower charge
mobility than inorganic materials such as silicon semiconductors. However,
because organic chromophores have a high absorption coefficient, organic
semiconductors can capture most of the photons within the absorption range

using very thin layers while avoiding charge recombination.'®!!

Because of their low dielectric constant, the electron-hole pairs are
tightly bound in the conjugated polymer. The exciton has a binding energy of
0.3-1 eV, while the binding energy of free electro-hole pairs in an inorganic
semiconductor is comparable to thermal energy at room temperature. To
effectively separate the tightly bound exciton, an organic hetero-junction
composed of n-type and p-type materials with sufficient energy band offset is
required. Because of this property of organic semiconductors, very different
organic solar cell device architectures and processing techniques are used to

achieve high power conversion efficiency (PCE).!*!3

1). Photogeneration Mechanism

The absorption of photon results in the creation of an excited state, or

the bound electron-hole pair (exciton), which is followed by exciton diffusion



to a region where exciton dissociation, or charge separation, takes place, and
charge transport within the organic semiconductor to the appropriate

electrodes.!*

In polymer semiconductors, photoexcitation often leads to the
generation of bound excitons with binding energy rather than free carriers, as
was previously mentioned. These excitons need to be separated before the
charges may be moved through the film and gathered at the electrodes. At the
interface between electron-donor and electron-acceptor semiconductor
materials, as well as the Schottky contact in single-layer devices, exciton
dissociation can take place. More excitons can reach and detach from it if this

contact region is greater.'

Typically, charge separation between the chains is necessary for the
photogeneration of charged excitation. Photoexcitation with a polarized beam
perpendicular to the polymer backbone is the most efficient method of
generation. Exciton binding energy Ej;, conjugated polymers is valued at about
0.4 eV. The excitons are separated from the conduction band (CB) and the
valence band (VB) by less than or equal to 0.2 eV since the binding energy is
not greater than roughly 0.4 eV. But for the exciton to disintegrate at normal
temperature, there still needs to be a clear offset between the materials.'® The

description of different types of exciton were described as follows :



- Frenkel exciton: Only one chemical unit can contain the electron-hole

pair.

- Mott-Wannier exciton: Compared to the gap between unit cells, the
distance between an electron and a hole is substantially higher.
According to calculations made with a lower effective mass, their

energy levels can be compared to the bound state of hydrogen.

- Charge transfer exciton: Only a few nearby molecular units are covered

by the exciton.

- Inter-chain excitons: To denote that the constituent charges are situated
along the same polymer chain, the phrase is used to describe polymeric
semiconductors. According to current thinking, the primary species
that forms in conjugated polymers after photoexcitation is intra-chain

excitons. 7

The production of electric energy from sunlight is the result of a chain
process (Figure 1). Sunlight photons are absorbed inside the device (A),
carriers are then generated from exciton dissociation (G), and carriers are
collected by the electrodes and driven into the external circuit (C). These are
the productive events of the PV process. A more detailed analysis permits us to
understand and eventually improve the different steps of the PV effect (Figure

2).14
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Figure 31. The photovoltaic process: absorption of photons (A), generation of carriers
(G), collection of carriers (C)

Absorption of light »

Generation of exciton

Diffusion of exciton » Non-radiative relaxation

Transport of excitons to a charge ‘

BB Geminate recombination
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Charge separation at the junction * Charge recombination

Transport of carriers to the
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electrodes

Solar Energy = Electricity + Heat

Figure 32. Conversion steps and loss mechanism of light



(1) Absorption of photons

In most organic devices only a small portion of the incident light is
absorbed because the bandgap is too high. A bandgap of 1.1 eV (1100 nm) is
required to absorb 77% of the solar radiation on earth whereas the majority of
semiconducting polymers have bandgaps higher than 2.0 eV (600 nm), limiting
the possible absorption to about 30%. The organic layer is too thin. Low charge
carriers and exciton mobilities require layer thickness in the order of 100 nm.
Fortunately, the absorption coefficient of organic materials is generally much
higher than in silicon only about 100 nm are necessary to absorb between 60

and 90% if a reflective back contact is used.'*!8

(2) Reflection

Reflection losses are probably significant, but little investigated in these
materials. Systematic measurements of photovoltaic materials are desired to
provide knowledge of their impact on absorption losses. Anti-reflection
coatings as used in inorganic devices may then prove useful once other losses

such as re- combination become less dominant. '+'®

(3) Exciton diffusion
Ideally, all photoexcited excitons should reach a dissociation site. Since
such a site may be at the other end of the semiconductor, their diffusion length

should be at least equal to the layer thickness (for sufficient absorption),



otherwise, they recombine, and photons are wasted. Exciton diffusion ranges

in polymers and pigments are usually around 10 nm.!'*!®

(4) Charge separation

Charge separation is known to occur at organic semiconductor/metal
interfaces, at impurities such as oxygen, or between materials with sufficiently
different electron affinities (EA) and ionization potentials (IA). In the latter,
one material can then act as an electron acceptor (A) while the other keeps the
positive charge and is referred to as an electron donor (D). If the difference in
IA and EA is not sufficient, the exciton may just hop onto the material with the
lower bandgap without splitting up its charges. Eventually, it will recombine

without contributing charges to the photocurrent.'*!

(5) Charge transport

The transport of charges is affected by recombination during the journey
to the electrodes, particularly if the same material serves as a transport medium
for both electrons and holes. Also, interaction with atoms or other charges may

slow down the travel speed and thereby limit the current. '8

(6) Charge collection
To enter an electrode material with a relatively low work function (Al

or Ca) the charges often have to overcome the potential barrier of a thin oxide



layer. In addition, the metal may have formed a blocking contact with the

semiconductor so that it cannot immediately reach the metal. '8

2). Photoactive Layer

Polymers used in OPV are characterized by being conjugated: the
conjugation of a polymer refers to the presence of a backbone chain of
alternating double and single bonds. The sp2 hybridized carbon centers have
a valence electron in the P, orbital (m) which is orthogonal to the other o
bonds. The overlapping of n/m bonds determines the creation of delocalized
energy states within the structure, which promotes intermolecular transport

and allows for the transport of charge.

The active layer used in polymer solar cells consists of a donor-
acceptor blend, where a conjugated polymer acts as a donor, and generally a
fullerene derivative acts as an acceptor. The most common materials used in
this work for the active layer are Poly (3-hexylthiophene) (P3HT) PTB7Th,
and Phenyl-C61-butyric acid methyl ester (PCBM), whose chemical
composition is reported in Figure 3. Advanced polymers can be synthesized
to improve the PCE of a solar cell, for example, it is possible to combine two
units in the structure, one that acts as an acceptor and one that acts as a donor,
by forming a donor-acceptor (D-A) copolymer. In these polymers, the HOMO

and LUMO mostly depend on the HOMO of the donor and the LUMO of the

10



acceptor, respectively. This helps optimize the efficiency by engineering both
the EGAP and the LUMO alignment with the fullerene, by choosing the
appropriate donor-acceptor unit. Moreover, to help the extraction of charge
in OSC by reducing charge recombination and improving exciton
dissociation, two additional functional layers are used: a Hole Transport
Layer (HTL) which is characterized by good hole mobility that tends to act
as an electron blocker, and an FElectron Transport Layer (ETL) which
conversely has good electron mobility and tends to act as a hole blocker. The
HTL used in this thesis is Poly (3,4- ethylene dioxythiophene) polystyrene

sulfonate (PEDOT: PSS) (Figure 3), while the ETL is zinc oxide (ZnO).

CeHi3

805

(a) P3HT- donor  (b) PTB7-th - donor (c) PCBM - acceptor (d) PEDOT:PSS-HTL

Figure 33. Chemical structure of common organic

Two possible architectures of a bulk heterojunction (BHJ) solar cell are
shown in Figure 4 The first type of polymer solar cells employed Indium Tin
Oxide (ITO) as a transparent anode. In such a structure, the back electrode is

the cathode which has a low work function and can easily oxidize due to its

11



direct air exposure. This configuration is called the normal structure and it is

still largely used, see Figure 4 (a).

In another structure, the cathode and anode are flipped in the positions,
resulting in the placement of the high-work function anode at the back of the
cell. This approach was developed to be able to utilize high-work function
electrodes, such as silver, as the back electrode. The latter can be printed from
a liquid paste and therefore, the such architecture enables the possibility of

scalable processing of devices using roll-to-roll machinery."”

It was later shown that silver was more resistant to humid environments
compared to aluminum and therefore could significantly improve the device
stability under certain test conditions.?’ Such a structure is called an inverted

structure Figure 4(b).

Ag/Al . CATHODE (-) Ag/Al . ANODE (+)

LIF — ETL .(‘ PEDOT:PSS — » HTL _)
L4/ r s

PCBM:PTB7-Th — > ACTIVE LAYER PCEM:PTB7-Th — ACTIVE LAYER

PEDOT :PSS —* HTL Zn0O —— ETL
ITO  » ANODE (+) ITO — » CATHODE (-)
GLASS — | SUBSTRATE GLASS — | SUBSTRATE
(a) Conventional Structure (b) Inverted Structure

Figure 34. Device structure of common organic solar cell

12



In polymer solar cells, the thin film morphology of the BHJ active layer
plays a critical role in determining the performance of the device. Due to the
relatively low dielectric constant of the BHJ composite, large exciton-binding
energy gives rise to strongly localized electron-hole pairs in BHJ active layers,
which requires the additional driving force to separate the pair of electrons
and holes. The energy level offsets between D and A provide an additional
electric field with different electrochemical potentials at the molecular
interface to separate the excitons into weakly bounded Coulombic pairs, and
thereafter separate into free charge carriers.?!**> To enlarge the D/A interface,
the BHJ concept was further introduced to simultaneously enlarge the charge

dissociation.”?**

Therefore, the manipulation of the film morphology of the BHJ active
layer has always been the focus in the field of organic photovoltaic (OPVs). ?°
For OPVs, almost all the organic active layers are processed from solution,
and the difference in surface energy of D and A will leads to an
inhomogeneous vertical distribution (or concentration gradient) and phase
separation throughout the BHJ active layer, causing ‘“vertical phase
separation”, which is crucial to the charge transport and device efficiency.?®
The model of the vertical composition profile of the P3HT:PCs BM system
using variable-angle spectroscopic ellipsometry was reported by
Clamoxyquine’s et al. A concentration gradient varying from PCsBM-rich

13



domains near the PEDOT: PSS side to P3HT-rich domains adjacent to the
free (air) surface was reported in the conventional OPVs, where such a
composition profile was inefficient for corresponding charge transport and
collection. Alternatively, inverted OPVs with reversed charge transport
directions showed an advantage over conventional OPVs because of the
vertical phase separation. In inverted OPVs, the surface energy difference
induces a D-rich phase close to the anode on the top and the A-rich phase
close to the cathode beneath, thus shortening charge transport pathways and

reducing charge recombination at the electrodes.

Several strategies have been pursued to extend the absorption range of
donor polymers for organic solar cells. These include strategies aimed at
extending the conjugation length of the m-conjugated segments, for example,
by replacing phenyl rings with thiophene rings that help to planarize the
polymer backbone through a reduced steric effect or by planarizing
neighboring monomers by using a bridging atom. Planarization may reduce
the optical gap further by enabling n-stacked aggregates to form an alternative
approach to vary the heteroatoms in the conjugated backbone: replacing the
sulfur atom in polythiophene with selenium leads to a lowered LUMO energy
but unchanged HOMO, due to the influence of the heteroatom on the LUMO
in this molecule. A third route, which is now widely used, is to combine
electron-rich  (e.g., thiophene-containing) and electron-poor (e.g.,

14



benzothiadiazole [BT]) units in the polymer backbone in a so-called 'push-
pull' structure. Here, the HOMO of the copolymer is dominated by the
HOMO of the electron-deficient unit and the LUMO by that of the electron-
rich unit. The strategy is widely adopted, due to the large range of ‘push’ and
‘pull’ units that can be used and the ability to control copolymer HOMO and
LUMO energies independently. Notable advances in OPV efficiency were
made using push-pull copolymers based on thiophene - BT structures
carbazole - BT structures, and dithienobenzene - modified BT structures and

diketopyrrolopyrrole - thiophene structures.?’

3). Electrode Materials

The development of new photoactive materials has been accompanied by
growing research into new electrode and interlayer materials. This has been
motivated partly by the need to find electrodes of higher or lower work
function to achieve Ohmic contacts with new photoactive materials of higher-
lying LUMO or lower-lying HOMO energy, but also by the search for
transparent conductive layers of lower cost and embedded energy than the
widely used indium tin oxide, and by the search for more stable substitutes
for reactive cathode metals. Alternative electrode interlayers studied in OPV
include high-work function oxides such as NiO*, W03, MoO3%, stable low-
work function oxides such as TiO2, ZnO*®!, polymer interlayers®?, and

organic conducting layers such as high conductivity PEDOT* vapor phase
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polymerized PEDOT61, carbon nanotube®*, and metal nanowire-based layers.
Solution processable oxide layers and conducting polymer layers are

preferred for large-scale processing.?’

4). Interfacial Layer

(1) Anode Buffer Layer

The primary task of the anode is the extraction of photo-generated holes
from the active layer. In general, transparent conductive oxide substrates
such as indium tin oxide (ITO), fluorine-doped tin oxide (FTO), aluminum-
doped zinc oxide (AZQ), etc. coated glasses are used as anode (in
conventional). An ITO has a favorable work function (=4.7 eV) concerning
the typical energy levels of the active layer materials; hence it can collect both
positive and negative charge carriers. Therefore, ITO  cannot provide the
required selectivity. In addition, polycrystalline ITO thin films induce

a significant surface roughness at the nanometer scale.?>-

This surface roughness is regarded as a major cause of leakage current
in the resultant devices.?” Also, ITO electrodes were reported to interact
chemically with the organic material, and that contributes toward the
degradation of OSCs device performances*®**3° By considering all these
factors, an ABL coating is needed, and it should fulfill the following

requirements: 1) Establish ohmic contact with the donor material; 2) transport
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positive charge carriers efficiently (hole transporting); 3) block negative
carriers (electron blocking); 4) smoothen the ITO surface to reduce surface

recombination; 5) should be stable and transparent.*’

The PEDOT: PSS is the most commonly used ABL and is a p-type
semiconductor with the work function of 5.2 eV. It allows a favorable band
alignment with the HOMO level of the donor molecules. Furthermore, it also
forms a smooth film and improves the contact between the polymer and the
ITO, thereby preventing any short-circuit probability due to ITO surface
roughness. Unfortunately, the acidic nature of PEDOT:PSS and its UV-prone
degradation have restricted its further use.*! Moreover, the processing method
of PEDOT: PSS leads to water insertion in the active layer, as it is coated
from a water-based solution.** Even after baking, water traces persist on the
surface owing to its hygroscopic nature, hence it can be a potential threat to
the device's lifetime. This has led to the emergence of alternative ABLs
including small organic molecules, polymers, metals, and inorganic metal

oxides.*?

(2) Cathode Buffer Layer

The primary role of a CBL is to facilitate the collection of electrons at
the electrode. For smooth device functioning, CBL also per- forms several
other crucial tasks, such as 1) forming an electron selective and transport
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interlayer, 2) forming an ohmic contact with the acceptor molecule, 3)
transporting negative charge carriers efficiently (electron-transporting), 4)
blocking the reverse charge carriers, 5) protecting the active layer in
conventional device structure from the hot metal atoms during thermal
deposition of the cathode; For efficient OSCs, the selection of an appropriate
CBL to optimize the electron collection and transport is highly important. An
ideal CBL should be good at electron extraction and transport. It must have a
suitable energy level that facilitates electron transport, with high transparency,
good compactness, and high stability. Several commonly used CBLs were
first established for organic light-emitting diodes (OLEDs) and then
transferred to OSCs fabrication. In the past few years, several materials have
been explored as CBL in conventional and inverted type OSCs and which are
summarized in Table 1.

Table 6. Cathode buffer layers work function, optimized thickness, and their deposition process

Work Optimized

Cathode Buffer Function( Thickness Deposition Process Conventional
Layer eV) (nm) /Inverted
Barium (Ba) 2.7 20 Thermgl Conventional
evaporation
Calcium (Ca) 29 20 Thermal Both
evaporation
Cesium carbonate Thermal
(Cs,CO3) 19 1 evaporation Both
Aluminum oxide Thermal
(ALOy) 3.89-4.02 2 evaporation Inverted
Zinc oxide (ZnO) 4.3-45 30-60 Spin coating Both
Titanium dioxide . .
(TiO,) 4.5-4.6 10-20 Spin coating Both
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Zinc Oxide (ZnO): In recent years, CBLs comprising of pristine ZnO,
doped-ZnO, and ZnO-based composites, as well as the surface-modified
ZnO-based layers have been used by several research groups for enhancing
the device parameters of inverted architecture OSCs. The ZnO is one of the
potential choices as CBL in inverted OSCs owing to its enhanced electron
mobility, high transparency, easy synthesis, and high stability. Takahashi et
al.* used the electrodeposition method to insert the ZnO into the OSCs, and
they observed remarkable performance enhancement. The standard device
ITO/CBL/PV/MEH- PPV/PEDOT: PSS/Au, (where PV: bisbenzimide [2,1-
a:2’,1’-a’] antra [2,1,9-def:6,5,10-d'e’f”] diisoquinoline-6,11-dione), had
PCE of 1.24% than control device (0.21%). The low-thickness ZnO-based
CBL devices suffer from low mechanical robustness and devices go under
degradation due to chemical or physical reactions between the active layer
and the electrode.

To overcome this issue, researchers have come up with solutions such as
doping new materials into ZnO. The doping not only improves its optical and
electrical properties simultaneously, but also helps in resolving the thickness-
related issue of ZnO CBL, and improvement in its conductivity. There are
several reports in which researchers have used doped ZnO as CBL, and they
have achieved improvement in device parameters of i-OSCs.* Commonly

used dopants are I, II, and III group elements. Besides these, transition metal
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ions and rare-earth elements are also doped in ZnO to improve its optical

properties, thereby contributing to PCE enhancement

5). Photovoltaic Characterization

(1) Power Conversion Efficiency

The photoexcited electron can decrease its potential energy by losing
energy to phonons until it reaches the lowest lying level in the CB - the
LUMO. Since the phonon energy dissipates into heat this process is known
as thermalization. As a consequence of thermalization, the semiconductor
bandgap is often regarded as a measure of the achievable voltage. The higher
the bandgap the higher the voltage can be. On the other hand, a low bandgap
material can absorb more photons and thus increase the number of
photogenerated charge carriers i.e., the photocurrent. The lower the bandgap,
the higher the photocurrent. Hence, there must be an optimal bandgap for a
given illumination spectrum. Shockley and Queasier were the first who
calculated the maximum power conversion efficiency for a semiconductor
with a given bandgap assuming only radiative recombination and the solar
radiation o earth. They obtained a value of 30% for a semiconductor with a

bandgap of 1.12¢eV like Si.
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Thus, considering the voltage dependence of the | —V curve the
maximum power is the maximum product of J and V that can be found
amongst the data points in the fourth quadrant. This maximum area is larger
the more the /] —V curve resembles a rectangle with the area Vo X Jgc.
The ratio between these two areas represents a measure of the quality of the
shape of the JV characteristics:

"l (JV)max
Voc Jsc
thus: (eq.1)

Prax = (V) max =Vyc . Js¢ . FF

(eq.2)

The higher FF the more the JV characteristics resemble a constant
current source with a maximum voltage and the higher the electric power that
can be extracted. The voltage/current (1, .I,) combination that gives the
largest power rectangle is called the maximum power point. Thus, any
appliance connected to a solar cell can utilize the maximum output power
only if its supply voltage is around Vp or in other words: The load resistor
R =V, /L,. Otherwise, power would be wasted in heating the series resistor
(V <V,) or via increased current losses through the ideal diode and shunt

resistor (V > 1,).
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To describe the power conversion efficiency n of a solar cell the
maximum output power Pmax has to be related to the power of the incident
light (Pyignt). Using Eq. (2) to express Ppgq, considering the wavelength
dependence of the parameters involved we can write:

Isc(W).Voc(W).FF()

Piigne

n) =

(eq.3)

Because of the wavelength and intensity, dependence power conversion
efficiencies are only meaningful for a given spectral distribution and intensity.
This can be the solar spectrum or the spectrum of artificial illumination for

indoor applications.

Equivalent circuit diagrams (ECDs) are frequently used to describe the
electric behavior of more complex semiconductor devices with a network of
ideal23 electrical components such as diodes, current or voltage sources, and
resistors. Although the specific physical processes in organic semiconductors
may be different and therefore lead to other parameters, the principal loss
mechanisms are the same and we may therefore apply the same circuit. We

suggest associating the processes with the single components in the ECD:

- The current source generates current upon illumination. I; = a

number of dissociated excitons /s = number of free electron/hole pairs
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immediately after generation - before any recombination can take

place.

The shunt resistor Rg,, is due to the recombination of charge
carriers near the dissociation site (e.g D/A interface). Provided the
series resistor Ry 1is at least one order of magnitude lower than Ry,
it may also include recombination further away from the dissociation
site e.g., near the electrode. Otherwise, an extra shunt resistor Rg»
has to be considered. Rg, can be derived by taking the inverse slope

around 0V:

(eq.4)

This is because at very small voltages the diode D is not conducting
and the current driven by the external voltage (positive or negative)
is only determined by R, + R; with Ry, (typically) being much

larger.

The series resistor R, considers conductivity i.e., mobility of the
specific charge carrier in the respective transport medium. For
example, mobility of holes in a p-type conductor or electron donor

material. The mobility can be affected by space charges and traps or
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other barriers (hopping). R, is also increased with a longer traveling
distance of the charges in e.g., thicker transport layers. Ry can be
estimated from the (inverse) slope at a positive voltage > V. where

the IV curves become linear:
I
Ry ~ (=) 1

(eq.5)

This is because at high positive external voltages V the diode D
becomes much more con- ducting than R, so that Rg can

dominate the shape of the IV curve.

Solar cell voltage V. The cell can generate a voltage between 0 and
Voc depending on the size of the load resistor. To obtain IV curve
data in other voltage ranges (V <0 and Vy. < V) in the IV curve
an external voltage source is required. We note that also the voltage
drops across a load resistor in the range between 0 and V,. can be
simulated by the same voltage source so that the entire range can be

scanned by applying an external voltage.

Note that the current for V' > V. and the extra current for V < 0V
is delivered from the external voltage source. The external voltage

source can then act as a current amplifier to boost the photosensitivity,
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but the actual photon-to-current conversion efficiency (EQE) of the

solar cell or photodiode cannot be increased.
(2) Open Circuit Voltage

First, we consider the case of an ideal solar cell that comprises only the

ideal diode D in the dark so that Ry =0 and Ry, =

av
Ig = Iy (e nkT — 1)

(eq.6)
av
Id :IO (enkT_l)_IL
(eq.7)
nkT I
oc = In (— 1)
Iy
(eq.8)
nkT I, —V,-/R
Voo = ln( L oc/Rsn + 1)
Iy
(eq.9)

This equation relates the maximum output voltage not only to the light-
generated current I; but also to the reverse saturation current and the shunt
resistor. Now, also the formula for V. becomes transcendent and requires
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numerical modeling to find a solution. The value of V. still depends on the
ratio I; /I, butnow I; isdecreased by the presence of a finite R, whereas
R, is unimportant since there is no current flowing through it that can create

a voltage drop (loss).

(3) Photocurrent

The short circuit current is simply the light current I; (photogenerated
charge carriers/s i.e., number of split excitons/s) reduced by the current

through the shunt Ish and the diode D, 1;:

lye =1 — Iy — Ig

(eq.10)

This is the highest current that can be extracted from a solar cell. The
light current increases linearly with the illumination intensity. To extract a
quantity that describes how efficiently photons are converted into charges in
the external circuit, Isc has to be related to light intensity. This leads to the

definition of the spectral response:

JL(D)

SR(A) = 50D

(eq.11)
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with ¢ being the light intensity per illuminated area (W /m?)and J,,
representing the current density (4/m?) in short circuit mode. The spectral
response (SR) thus gives the current in the external circuit per watt incident
light (A/W). This quantity is frequently used to characterize the light
sensitivity of photodiodes since the product SR-J,. gives immediate light
intensity. For the characterization of solar cells, a quantity that considers the
actual fraction of the incident photons that can be converted into electrons in

an external circuit is of higher interest:

number of electron in external circuit

EQE =
¢ number of incident photon

(eq.12)

EQE stands for external quantum efficiency and represents, together with
the power conversion efficiency n, the most interesting parameter of a solar
cell. The EQE can be derived from the spectral response considering that the
energy of a photon Ep = hc/A with h being Planck’s constant, ¢ the speed

of light, and g the elementary charge using the following formula

hc
EQE(A) = SR(A) q_A

(eq.13)
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Note that the EQE gives higher values for shorter wavelengths when
compared with the SR spectrum. This is because the spectral response relates
to the energy of photons whereas the EQE refers only to the number of
particles. Since the output current is determined by the number of electrons
that can be “pumped” into the CB regardless of their energy, the EQE
represents a true measure of the photon-to-current conversion efficiency in
contrast to SR. The EQE can be converted into the internal quantum

efficiency IQE if only the fraction of the absorbed photons is considered:

EQE(A)
1-RQ) —-TA)

IQE(X) =

(eq.14)

with R(4) denoting the fraction of reflected light and T'(A) the fraction
of the transmitted light The IQE is very helpful and frequently used in
inorganic devices to investigate the physical processes in the semiconductor
material. In contrast to inorganic solar cells where the complete bulk absorbs
light and contributes to the photocurrent, organic devices have typically large
regions that act only as an optical filter. In addition, interference effects would
have to be considered because of the very thin films compared to inorganic

cells.
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Chapter 11

Investigating The Effect of Diverse Structural Variation of
Conjugated Polymer Electrolytes as The Interlayer on

Photovoltaic Properties

Reproduces with permission from
[Chemical Engineering Journal 420 (2021) 129895]
Copyright © 2021 Elsevier B.V
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Investigating The Effect of Diverse Structural Variation of
Conjugated Polymer Electrolytes as The Interlayer on

Photovoltaic Properties

1. Introduction
Polymer solar cells (PSCs) are a promising alternative source of clean
and renewable energy. In recent decades, PSCs have been under immense
focus owing to their mechanical flexibility, low weight, low-cost energy
sources, large-scale fabrication, and roll-to-roll printing.**** PSCs based on
the combination of an electron donor and electron acceptor with a bulk
heterojunction (BHJ) are advantageous as an emerging photovoltaic

technology over the conventional device structure.

The idea of BHJ was introduced by Yu et. al.>® wherein blending
donor (D) and acceptor (A) materials were very close to each other, typically
less than 10 nm apart. Such distances are within the exciton pair mean free-
path lengths (the minimum diffusion distance before the exciton can be
annihilated via recombination). °!*? An interpenetrating network with a large
donor-acceptor interfacial area can be achieved by controlling the phase
Therefore, present PSCs studies are focused on enhancing the device PCE.
Selectively or simultaneously enhancing the short-circuit current (Jg¢), open-

circuit voltage (Vo¢), and fill factor (FF ) is critical to increasing PCEs. The
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Jsc determined by the bandgap, thickness, morphology, and breadth of the
absorption band of the active layer materials. Because those parameters
influence the charge transport to the electrodes.>® Additionally, V¢ can be
increased either by tuning the lowest unoccupied molecular orbital (LUMO)
or the highest occupied molecular orbital (HOMO) energy levels of the
acceptors or polymer donors, respectively.”* FF can be increased by
improving the active layer morphologies for balanced charge transport. 3>~
>8n addition to the synthesis of photoactive materials, interlayer modification
is essential for solving the intrinsic limitations of mismatched energy levels,

unbalanced carrier mobility, and improved device efficiency and stability in

OSCs. 1213

Interfacial engineering is a fundamental approach to increasing PCEs.
The anode/cathode buffer layers are inserted between the active layer and
electrodes.” These buffers can alleviate the interfacial energy barriers and
facilitate charge transporting/collection capability when holes are collected at
the anode and electrons are extracted at the cathode.®’ Appropriate materials
could efficiently hamper charge recombination and lower contact resistance
at the active layer/electrode interface leading to enhanced hole/electron
extraction. As a result, Jgc, Voc, and FF, in a single device, can be

selectively or simultaneously enhanced.®!
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Figure 35. Chemical structure of neutral, salt, and OH salt

Among many material types, conjugated polymer electrolytes (CPEs)
used as interlayer materials in PSCs have been reported to improve the PCE.
CPEs consist of a conjugated polymer backbone and a polar ionic side group.
The alcohol-soluble CPEs are efficient interfacial materials owing to their
unique properties including intimate contact with the hydrophobic organic
active layer and hydrophilic electrode alcohol-soluble fabrication without
intermixing with the halogenated solvent-processed active layer.>%* The

alcohol-soluble CPE forms an interfacial dipole at the cathode interface and
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improves the built-in electrical field.®*%° Therefore, many high-performance
fluorene-based CPEs, such as the widely used PFN (poly[ (9,9-bis (3-( N, N-
dimethylamino)  propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctyl ~ fluorene)])

contain hydrophilic amino groups and hydrophobic aliphatic side chains.*¢8

In this study, we designed and synthesized diverse CPEs to investigate
the effect of their backbone and side chain structures, based on
dimethylaminopropyl fluorene (FN) interlayer, on photovoltaic properties.
Figure 5 shows a series of CPEs with different side chains divided into three

categories.

The first category is FN polymers as a neutral precursor (neutral
polymer category) with FN backbone with thiophene named PFN-T
(poly[(9,9-bis(3’-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-4,7 (thioph-
ene)]), FN backbone with a benzothiadiazole named PFN-BT (poly[(9,9-
bis(3’-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-4,7-(2,1,3-benzothia-
diazole)]), and FN backbone with a dithienyl-benzothiadiazole unit named
PFN-TBT (poly- [(9,9-bis(3’-(N,N-dimethylamino)propyl)-2,7-fluorene)-

alt-4,7-(dithienyl)-2,1, 3(benzothiadiazole)]).

The second category is quaternized FN polymer derivatives (salt
polymer category) with a tetraalkylammonium salt named PFN-T salt

(poly[(9,9-bis(3’-(N-ethyl-N, N-dimethylamino)propyl)dibromide-2,7-
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fluorene)-alt-4,7 (thiophene)]), PFN-BT salt (poly[(9,9-bis(3’-(N-ethyl-N,N-
dimethylamino)propyl)dibromo-2,7-fluorene)-alt-4,7-(2,1,3 benzothia-
diazole)]), and PFN-TBT salt (poly-[(9,9-bis(3’-(N-ethyl, N, N-
dimethylamino) propyl) dibromide-2,7-fluorene)-alt-4,7-(dithienyl)-

2,1,3(benzothia-diazole)]).

The last category is quaternized neutral polymer with ethyl hydroxy
trialkyl ammonium salt (OH salt polymer category) named PFN-T-OH salt
(poly[(9,9-bis(3’-(N-hydroxyethyl-N,N-dimethyl amino) propyl)dibromide-
2,7-fluorene)-alt-4,7-(thiophene)]), PFN-BT-OH salt (poly[(9,9-bis(3’-(N-
hydroxyethyl-N,N-dimethylamino)  propyl)dibromo-2,7-fluorene)-alt-4,7-
(2,1,3 benzothiadiazole)]), and PFN-TBT-OH salt (poly- [(9,9-bis(3’-(N-
hydroxyethyl, N,N-dimethylamino) propyl)dibromide-2,7-fluorene)-alt-4,7-

(dithienyl)-2,1,3 (benzothiadiazole)]).

The first category with PFN-T, PFN-BT, and PFN-TBT, contains
hydrophilic amino and hydrophobic parts in the backbone. A small amount of
acetic acid should be added to the polymer to improve its solubility in MeOH
leading to orthogonal solubility with the active layer. However, this may

deteriorate the ZnO layer because of its acidic nature.*

Modifying the hydrophilic amino part to increase solubility in MeOH by

quaternization is required to overcome the ZnO layer deterioration. Two kinds
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of quaternized agents were used: bromoethane and bromoethanol. In previous
studies, organic electrolytes with hydroxyl groups were prepared and

deposited as interlayers for inverted PSCs.”%"!

Inspired by its excellent interface characteristics, we focused on interface
dipole modification by introducing a hydroxyl group and quaternary
ammonium bromide salt. The presence of a quaternary ammonium salt, which
contains CPE, leads to a high /s, in solar cells. The synergistic effect of the
interlayer allows its embedding in the ZnO layer. This is due to the formation
of a favorable interface dipole between the ZnO and quaternary ammonium
salt layer. The electron collection ability from the active to the electron

transport layer is improved by reducing the interface energy barrier.”>7*

Upon using the neutral polymer and polymer salt as the interlayer in the
inverted  device  structure = (ITO/ZnO/interlayer/PTB7-Th:PC71BM/
MoOs/Ag), we found that CPEs with OH salt category offered the highest
PCEs as compared to neutral polymer PCEs. For the neutral polymer, the
PCEs of the PSCs were 8.80%, 9.94%, and 9.43% for PFN-T, PFN-BT, and

PFN-TBT, respectively.

PCEs of the PSCs in the polymer salt category were 9.43%, 9.87%, and
9.74% for PFN-T salt, PFN-BT salt, and PFN-TBT salt, respectively. Finally,

for the polymer hydroxy salt, PCEs of the PSCs were 9.85%, 10.6%, and 10.0%
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for PFN-T-OH, PFN-BT-OH, and PFN-TBT-OH salts, respectively.
Introducing a quaternized polymer between the ZnO and active layer could
achieve excellent PCE of the PSCs. Additionally, the PCE of devices with
quaternized OH salt reached 10.6% owing to the synergistic effect of
hydrogen bonding between the ZnO layer and the hydroxyl group in the
quaternary salt. Moreover, a robust intramolecular charge transfer occurred

due to improved electron affinity in the electron-withdrawing moiety of BT.

2. Result and Discussion

1). Optical and electrochemical properties

We performed ultraviolet-visible (UV—Vis) spectroscopy to investigate
the optical properties of the polymers. The polymer solutions were prepared
by dissolution in methanol with a 6:1 acetic acid to polymer molar ratio.
Figure 6 shows the absorption spectra of the CPE-based polymer thin film,

and its optical properties are listed in Table 2.

The maximum absorption of the PFN-T film appeared at 430 nm (Figure
6a), which is slightly blue-shifted as compared to the PFN-T salt (414 nm)
and PFN-T-OH salt (426 nm). A similar hypochromic shift was caused by the
sodium salt end group to produce a conformational change in thiophene,
as studied by Holdcroft et al.”” The salts are held closer to the thienyl ring

and exhibit steric effects, and the interaction between the salt substituent and
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sulfur lone pair on adjacent rings plays a dominant role. Therefore, leading to

the adjacent thienyl rings twisting and shortening of conjugation lengths.”®

As shown in Figure 6b, PFN-BT showed two broad absorption bands at
322 and 446 nm, respectively. A band in the shorter wavelength region
corresponds to the m— m* transition and an extended wavelength region
correspond to the intramolecular charge transfer (ICT) absorption, which is
characteristic of conjugated polymers with donor-acceptor architecture. In the
ICT region, the PFN-BT salt and PFN-BT-OH salt film showed absorption
bands at 448 and 444 nm, respectively, which are nearly the same as the
absorption maxima of PFN-BT. This is presumably because the terminal
amino salt groups are unlikely to affect adjacent benzothiadiazole ring

interactions in the film state.

The optimized molecular orbitals of PEN-BT (Figure 7b) showed no
steric effect as the dimethyl aminopropyl fluorene and benzothiazole were far
from each other. The PFN-TBT film exhibited two absorption bands (Figure
6¢) at 395 and 565 nm, respectively.

The former band corresponds to the n— n* transition of the backbone,
while the latter is related to ICT absorption. The absorption spectra of the

PFN-TBT salt and PFN-TBT-OH salt showed the same features.
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Figure 36. UV—Vis spectra of (a) PFN-T series, (b) PFN-BT series, and (¢) PFN-
TBT series films.
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The maximum ICT absorption wavelengths of PFN-TBT salt and PFN-
TBT-OH salt were 512 and 549 nm, respectively, which were blue-shifted
than that of PFN-TBT. This is possibly due to the steric hindrance between
the thienyl segment in the TBT group. The FN group causes twisting of the

adjacent thienyl rings and shortening of conjugation lengths.

In the optimized computational structure of PFN-TBT (Figure 7c), the
aminopropyl chain, in the fluorene unit, is settled in opposite directions to
minimize electrostatic interactions. This effect bends the linkage between the
two repeating units and produces a slight twist of the thiophene rings with the

benzothiadiazole group.”’

The HOMO and LUMO energy levels of the polymers were determined
from the oxidation and reduction onset potentials in cyclic voltammograms
(CVs) (Figure 8). The CVs were calibrated referring to the
ferrocene/ferrocenium (Fc/Fc™) redox couple. Based on the onset reduction
potential, the LUMO energy levels of PFN-T, PFN-BT, and PFN-TBT were

-3.32,-3.18, and -3.43 eV, respectively
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41



Table 7. Optical and electrochemical properties of CPE.

Amax’ Aedge’ HOMO LUMO?
Sample (nm) (nm) ¢ (eV) (eV)
PFN-T 430 502 -5.65 3.32
PFN-T salt 414 493 - -
PEN-T-OH 426 493 . :
salt
322,
PFN-BT ™ 507 -5.57 3.18
322,
PFN-BT salt 448 507 - -
PFN-BT-OH g
salt 444 > ) )
395,
PFN-TBT 5 654 -5.66 3.43
379,
PFN-TBT salt .7 628 L -
394,
PFN-TBT-OH 49 646 - -

a) maximum absorption
b) optical bandgap obtained from onset wavelength ({eage) of the film
¢), d) obtained from oxidation and reduction onset potential of the cyclic voltammogram

The HOMO energy levels of PEN-T, PFN-BT, and PFN-TBT are
estimated to be -5.65, -5.57, and -5.66 eV, respectively. The result indicates
that different electron-donating functional groups influence the HOMO level

of the fluorene-based polymer, unlike the LUMO level, which is stabilized by
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introducing electron-withdrawing and electron-donating units on both sides

of the FN.

2). Theoretical calculation of the polymers

The theoretical calculation was initially adopted to explore the electronic
properties and provide preliminary insight into the geometric structures and
dipolar properties of the interlayer materials. For simple computational
calculations, the long side chains and polymer backbones were replaced with
a methyl group and two repeating units. Density functional theory
calculations were carried out with a B3LYP/6-31G(d) basis set based on the

Gaussian suite of programs (Gaussian 09).”®

The optimized geometries of the CPE interlayer materials with dihedral
angles and dipole moments are depicted in Figure 7. Dihedral angles are
defined as the 180° torsional angle deviation between the adjacent fluorene
units surrounding the connecting bond. A small dihedral angle (i.e., planar
structure) promotes the delocalization of the m-electron system. Similarly, the
bond length alternation parameter provides a quantitative measure of the
homogeneous distribution of © electrons over the bonds (Peierls distortion)
by comparing the consecutive bond length along the chain. Enhancing the
electronic delocalization tends to equalize the bond lengths, reducing the

bond length alternation.”
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The dihedral angles between the dimethylamino fluorene and thiophene
moiety in PFN-T are -27.40° and 24.79°. The preferred conformation for
thienyl rings is to be oriented anti, which minimizes the effect of steric
hindrance.®* The dihedral angles between dimethyl amino fluorene and
benzothiadiazole moiety are -37.06° and -36.97°, suggesting that a strong
steric hindrance effect occurs between the fluorene and BT moieties, adopting
a nonplanar configuration, as depicted in (Figure 7b).%° PFN-TBT showed
the most planar geometry with dihedral angles of -24.42° and 23.93°. The
thiophene linker between the FN segment and benzothiadiazole caused
conformational effects. The structural variation resulted in a distinctly
different dihedral angle between the thiophene unit and flanked benzene in

the fluorene moiety.

In contrast to one thiophene bridge in PFN-T shows higher dihedral
angles than PFN-TBT, which has two thiophene bridges. This thiophene
bridge makes the backbone of PFN-TBT more flexible and increases the
distance between the two polar groups, which weakens the repulsion to a
certain degree to obtain smaller dihedral angles of PFN-TBT. The largest
dihedral angle was observed from PFN-BT due to the interchain interaction.
A reasonable conformation for fluorene-based polymer features all-trans or
near trans conformation dihedral angle due to the fully trans conformation is
energetically unfavorable (in case of being sterically hindered).®!
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The calculated dipole moments of the polymers are depicted in Figure 7.
The trend was estimated as follows: PEFN-BT (3.45 D) > PFN-TBT (2.08 D)
> PFN-T (1.60 D). As shown in Figure 7, the thiophene (T) bridge in PFN-
TBT and PFN-T caused small permanent dipoles. Distinguishingly, the PFN-
BT has a benzothiadiazole group in the backbone at the opposite side of the
polar group, which helps acquire a more decisive dipole moment (3.45 D).
The dipole moment in this calculated result corresponds to the dihedral angle.
Seo et al. reported that the larger interfacial dipole on the CPE could arise

t17

from the higher permanent dipole moment." ' The primary requirement of an

interlayer is its ability to produce large interfacial dipoles that induce a

vacuum-level shift to modify the electrode work function.

The frontier molecular orbitals of the two repeating units with theoretical
HOMO/LUMO energy levels are shown in Figure 9. The calculated
HOMO/LUMO energy levels exhibited similar trends in the UV—Vis and CV
experiments. However, the CPE interlayer dimer orbital character showed
different delocalized electrons. In particular, the HOMO energy levels are
accessed when thiophene and benzothiadiazole are incorporated into the
polymer backbone in PFN-T, PFN-BT, and PFN-TBT. Additionally, at the
HOMO level, electrons are delocalized along the chain direction, whereas
their localization takes place in the electron-withdrawing unit at the LUMO
level for PFN-BT and PFN-TBT.
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Figure 39. Frontier molecular orbitals of two-repeating unit models with HOMO/LUMO
energy levels calculated at the B3LYP/6-31G** level for (a) PFN-T, (b) PFN-BT, and (c)
PFN-TBT.
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3). Optical simulation characteristic of CPEs using transfer matrix

formalism

To confirm the role of the interlayer, an optical model for CPEs based
devices was carried out using transfer matrix formalism (TMF). This provides
a guideline for predicting the optimized device architecture. The optical
constants, refractive index (n), and extinction coefficient (k) values of the
CPEs, PTB7-Th:PC7:1BM, were determined using ellipsometry spectroscopy
and that of ITO, ZnO, MoO;, and Ag were obtained from previous

literature. 386

In this study, a MATLAB script was developed by the McGhee group,
for transfer matrix optical modeling.®* The absorption distribution over the
film thickness was calculated in the wavelength range of 300-800 nm.
Multiplying with the AM 1.5 sun spectrum and integration over the film
thickness results in optical electric field profiles corresponding to various
position wavelengths are depicted in Figure 10.3” The device with interlayer
showed prominent electrical field peaks located inside the active layer for the

three incident lights from 350 to 650 nm.
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Figure 40. Optical electric field intensity of (a, b) pristine, (c, d) PFN-T, (e, f) PFN-
BT, and (g, h) PFN-TBT by TMF optical
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This simulation indicates that the interlayer structures cause a slight
change in the optical electric field (OEF) distribution. As depicted in Figure
10a, ¢, e, and g the device with pristine ZnO showed the lowest OEF intensity
as compared to devices with interlayer, while the device based on PFN-BT

showed the highest OEF intensity.

The field intensity over the entire wavelength range of 300—1100 nm was
mapped to obtain OEF distribution details. Figure 10b, d, f, and h, show the
normalized field intensity versus distance for each layer in the solar cell and
incident light wavelength. Visibly, the 350-650 nm wavelength region shows
the slight influence of thin-film interference, with higher OEF developing
from constructive interference.

Although very thin, £5 nm CPE layers exist, the alteration in the OEF
distribution spectra indicates that the optical effect of the CPE backbone is
responsible for the modifications in the interlayer active layer region in the
device. The OEF spectra of devices with PEN-BT show the highest intensity,
which is strongly influenced by the parasitic absorption of CPEs and the
constructive and destructive interference between incident and reflected

light.
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4). Investigation of CPE-covered ZnO surface

Water contact angle characterization is used to provide intuitive
information about surface component wettability. The ZnO/CPEs surface
properties were investigated by water contact angle measurements (Figure
11). The water contact angle of the ZnO/neutral polymer category was higher
than that of the ZnO/salt polymers and OH salt polymers due to the
hydrophobic properties of the neutral polymer category. The water contact
angles of the ZnO surface with PFN-T, PFN-BT, and PFN-TBT were 50.9°,
51.3°, and 51.9°, respectively, which was higher than the pristine ZnO value
(28.6°). In Figure 11, quaternized CPEs showed a low water contact angle
due to increased polymer salt hydrophilicity and hydrogen bond formation of
the polymer-OH salt. The values for PFN-T salt, PFN-BT salt, and PFN-TBT
salt are 42.3°, 37.3°, and 48.7°, respectively and those for PFN-T-OH salt,
PFN-BT-OH salt, and PFN-TBT-OH salt are 31.3°, 32.8°, and 44.6°,
respectively. In general, a small water contact angle indicates a suitable
wetting property and is advantageous for using PFN-modified interlayer in

solar cells.
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Kelvin probe microscopy measurements were performed to investigate
the influence of CPEs on the ZnO work function. Figure 12 shows the work
function (WF) of ZnO with neutral, salt, and OH salt polymer categories. The
WF of ZnO with neutral PFN-T, PFN-BT, and PFN-TBT were -4.36, -4.11,
and -4.28 eV, respectively. The WF based on PFN-T salt, PFN-BT salt, and
PFN-TBT salt were -4.32, -4.17, and -4.21 eV, respectively. The WF based
on PFN-T-OH salt, PFN-BT-OH salt, and PFN-TBT-OH salt were -4.10, -
4.02, and -4.07 eV, respectively. The WF values for ZnO with interlayers were
higher than that of ZnO without an interlayer (-4.4 eV). The mechanism
resulting in PCE improvement is attributed to the WF change at the ZnO
surface by interface dipole formation,® which can be tuned by introducing an
interlayer, that is the transition from a Schottky to an Ohmic contact. Thus,
the reduced barrier height at the ZnO surface might improve the charge

collection capability.®>#%

For polymer salts, a higher interface dipole can be expected because the
polymer salt dipole moment magnitude may be greater than that of neutral
polymers. The neutral polymer is soluble in alcohol in the presence of a small
amount of acetic acid due to weak interaction between the nitrogen atoms in
the side chain and the acetic acid. Compared to polymer salts, it is easily
dissolvable in a polar solvent. Neutral amine groups in neutral polymers are
91,92

primarily physiosorbed onto the ZnO surface.
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The WF reduction and energy level adjustment are due to the amine CPE
intrinsic molecular dipole (WMD) synergistic effect acting perpendicular to
the surface and the interfacial dipole (uID) formed at the interface of the
modifier molecules and electrode surface.”® The contribution of pID is
attributed to partial electron transfer from the amine-containing molecules to
the electrode surface.”* It has been demonstrated that amine and hydroxyl
groups can be spontaneously adsorbed on the ZnO surface, resulting in
dipolar polymerization.®> The magnitude of dipole moment based on the OH
salt polymer category is higher than that of polymer salts due to polar -OH
groups, which generate a synergistic effect in the dipole moment magnitude.
Thus, the magnitude of the interface dipole moment for OH salt polymer
category > salt polymer category > neutral polymer category. The trend for
Jsc 1s the trend of the WF. Generally, the WF difference in the charge
transporting layer is not the main factor affecting the built-in potential and
Voc for Fermi-level pinning.”®

J. Park et al. studied the spontaneous organization of side chains on
CPE.”” Based on our previous study, we discovered that the CPE quaternized
side chain affects the WF and wetting ability due to the spontaneous
arrangement of the side chain.’®” In the stacking device architecture, upon
introducing an interlayer between ZnO and the active layer, the ionic groups

on the CPE backbone are directed away from the active layer surface.
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Simultaneously, the side chains pointed toward the ZnO layer owing to the
spontaneous re-organization. The increased number of accumulated ionic
groups on the CPE led to an Ohmic contact and better wettability of the active

layer.

5). Photovoltaic properties

To investigate the photovoltaic properties of the device with CPE
interlayers, we constructed and tested inverted-type PSCs with an
ITO/ZnO/interlayer/PTB7-Th:PC71BM/MoOs/Ag structure (Figure 13a). The
current density—voltage (J — V) curves of the PSCs with the PFN CPE
interlayer under illumination (inset under the dark condition) are shown in
Figure 13b—c. Additionally, the photovoltaic parameters are summarized in
Table 3. Devices based on the PFN interlayer showed higher PCEs than those
based on pristine ZnO. This indicates that PFN derivatives are potential
materials for interfacial modification to improve device performance. The
PCEs of the PSCs with the neutral category of PFN-T, PFN-BT, and PFN-
TBT were 8.80%, 9.94%, and 9.43%, respectively. The relative
improvements in the PCE based on PFN-BT, and PFN-TBT were 13.7%, and
7.89%, respectively, upon comparison with the pristine ZnO-based device.
However, the PCE of the device based on PFN-T was almost identical to that

of the device based on pristine ZnO. The improvement in the performance of
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neutral PFN category devices mainly arise from the enhancement of J¢, and

FF, simultaneously.
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Figure 43. Figure (a) Device architecture, J-V curves of PSCs based on (b) neutral,
(c) salt, and (d) OH salt polymer

The devices based on the salt polymer category exhibited improved
performance as compared to the device based on pristine ZnO. The PCEs of
the devices based on the PFN-T salt, PEN-BT salt, and PFN-TBT salt were
9.43%, 9.87%, and 9.74%, respectively. The highest PCE was observed for
the device with PFN-BT. The PCE improvement of the devices based on
PFN-T salt, PFN-BT salt, and PFN-TBT salt were 7.89%, 12.93%, and 11.4%,

respectively upon comparison with pristine ZnO devices. The PCEs of the
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Table 8. The performances of the PSCs with CPEs with the best PCE. The averages (20
devices are averaged) are summarized in parentheses.

Jsca Jsc, calb Voc FF PCE Rsb Rshc
(mA/cm?) (mA/cm?) ) (%) (%) (Qcm?) (Qcm?)

17.5 0.80 62.2 8.74
ZnO 17.5 5.26 552
(17.4) 0.80)  (62.1) (8.71)
ZnO/PEN- 17.6 176 0.81 62.3 8.80 440 578
T (17.5) ' (0.80)  (61.6)  (8.69) '
7ZnO/PEN- 18.8 188 0.81 165 9.94 205 710
BT (18.7) ' 0.81)  (63.9) (9.78) '
ZnO/PEN- 17.8 T 0.81 65.4 9.43 429 14
TBT 17.7) : 0.81) (64.7) (9.32) '
7ZnO/PFN- 17.7 57 0.81 66.3 9.43 434 799
T salt (17.6) ' (0.80)  (65.4) (9.28) '
ZnO/PEN- 18.2 T, 0.80 67.4 9.87 b b 299
BT salt (18.1) ] (0.80)  (66.7)  (9.65) ;
7ZnO/PFN- 18.0 1 0.81 66.7 9.74 n- 814
TBT salt (17.9) ' 0.81) (65.6) (9.64) i
7ZnO/PFN- 18.3 o 0.80 67.0 9.85 Ad4 o11
T-OH salt (18.2) ' 0.80)  (66.4)  (9.79) '
7nO/PEN- 19.4 e 0.80 68.4 10.6 376 016
BT-OH salt (19.3) : (0.80) (67.3) (10.5) '
ZnO/PFN- 18.6 081 664 100
TBT-OH 19.2 3.98 905
calt (18.5) (0.80)  (66.3)  (9.96)

“ calculated from the IPCE curves, ” series, and ¢ shunt resistance under illumination

devices based on PFN-T-OH salt, PFN-BT-OH salt, and PFN-TBT-OH salt
were 9.85%, 10.6%, and 10.0%, respectively. The devices with the OH salt
polymer category showed significantly improved PCEs. Essentially, the side
chain functionality helped increase device performance. Note that the

calculated Jgc values obtained from the Incident photon-to-current
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efficiency (IPCE) curves (Figure 14) were in good agreement with the values

obtained under 1.0 sun illumination.

The PCE of the devices based on the neutral polymer category was in the
order of PFN-BT > PFN-TBT > PFN-T. The result well agreed with the
calculated dipole. The synergistic effect from the side chain and different
backbone structures influence the interfacial dipole magnitude and direction.
PFN-T exhibited the lowest PCE among the neutral polymers owing to the
lowest interfacial dipole moment and optical effect. The thienyl rings were

twisted and had shorter conjugation lengths.”

The comprehensive and planar n-conjugated system in PEN-TBT affects
WEF and charge mobility. Thus, PEN-TBT showed a higher PCE than PFN-T.
The benzothiadiazole, in PEN-BT, enhanced electron mobility due to the high
content of electron-deficient BT units. This was probably due to the non-
covalent attractive interactions between S, C, H (in thiophene), and nitrogen

(in BT), which minimized the torsional angle.”®

A smaller torsional angle maximizes the polymer planarity chain,
resulting in efficient charge transport. Thus, PFN-BT showed better
performance as compared to PFN-T and PFN-TBT. The PCE of the devices
based on salt polymer and OH salt polymer category follows the trend of the

PCEs in the neutral polymer category.
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Devices without an interlayer exhibited the lowest performance, where
the combination of low Vg, Js¢c, and FF resulted in an 8.74% PCE. The
lowest performance of the device based on pristine ZnO among the devices
can be explained by a mismatch of the WF between the active and electrode

layers and low charge extraction due to high contact resistance.%>%-°

A noticeable correlation was found between the CPE functionality and
the PCEs of the devices. Devices based on salt polymers as the interlayer
exhibited improved PCEs as compared to devices based on neutral polymers.

Notably, the PCE improvement mainly resulted from the Jgc

enhancement.®!:"1-19%191  The work function data agree well with the trend of

Jsc data. (Figure 15)
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The electron mobilities of the devices [ITO/ZnO with or without
interlayer/PC71BM (60 nm)/Al (100 nm) were studied to understand the effect
of the interlayer on the device electron transport properties. The Mott-Gurney
law was adopted to calculate electron mobility.'®> We can easily notice that
the electron mobilities of the devices with PFN as the interlayer are higher
than the device based on pristine ZnO (2.64 X102 em™2V~1s71). The
electron mobilities of devices with PFN-T, PFN-BT, and PFN-TBT were
2.76 x 1073, 4.13 x 103, and 3.41 X 10° cm?V~1s™1 respectively. The
calculated electron mobilities of the devices based on PFN-T salt, PEN-BT

salt, and PFN-TBT salt were 3.01 x 103, 3.87 x 103, and 3.71 x 107

1.-1

cm?V-1s71, respectively. Besides, the electron mobilities of devices based
on PFN-T-OH salt, PFN-BT-OH salt, and PFN-TBT-OH salt were 4.27x10

3,4.66x107, and 4.3x102 em?V~1s71, respectively.

The higher electron mobilities of the devices with salt polymer and OH
salt polymer category were higher than those of the devices based on the
neutral polymer category, which can be explained by their better cathode
modification capability, and the larger electron mobilities of the devices with

interlayer based devices can be ascribed to the trend of Jgo data of the PSCs.

As summarized in Table 3, the series resistance (Rg) was determined

from the inverse slope near the high current regime in the current density—
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voltage curves obtained under 1.0 sun conditions. The R, under the
illuminated condition, of the devices with PFN-T, PFN-BT, and PFN-TBT
were 4.40, 4.05, and 4.29 Qcm?, respectively. As for the polymer salt
category, PFN-T salt, PFN-BT salt, and PFN-TBT salt-based device, the R
values were 4.34, 4.09, and 4.17 Q cm?, respectively. The R values for
devices based on PFN-T-OH salt, PFN-BT-OH salt, and PFN-TBT-OH salt
were 4.04, 3.76, and 3.98 Q em?, respectively. The R data for pristine ZnO
was 5.26 Q cm?. The R values of the devices have strong correlations with

the trend in the PSC polymer photovoltaic properties (Figure 15).

This R could be attributed to the Ohmic loss of the entire device,
including bulk and contact resistance. Therefore, R; was affected by the
resistivity of the pristine ZnO, ZnO/interlayer, and factors such as the contact
resistance between different layers.'%® The excellent FF can be further verified
by R and shunt resistance (Rgp) calculated from the J —V curves. The
smallest Ry and the largest Ry, values indicate that the charge carrier
transport and collection ability are enhanced by using ZnO/CPEs, resulting
in an increase in FF and PCE.!** Ry, represents current leakage from the cell
edges and the device. Several groups have reported that metal atoms, during
thermal evaporation, can damage the active layer surface and diffuse inside
the blend. Metal atoms are active centers for carrier recombination; hence,

the current loss increases as reflected by a decrease in Rg.'"> The Rgy
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value was obtained from the J — V curve under illumination. The R of the
devices based on PFN-T, PFN-BT, and PFN-TBT were 578, 710, and 714
kQ cm?. For the devices based on PFN-T salt, PFN-BT salt, and PEN-TBT
salt, the Ry, values were 505, 792, 899, and 814 kQ cm?. The Ry, values
for the device based on PFN-T-OH salt, PFN-BT-OH salt, and PFN-TBT-OH
salt were 911, 916, and 905 kQ cm?, respectively, which are higher than that

of devices with pristine ZnO (552 kQ cm?).

This Ry is consistent with the device FF values, suggesting that the
interlayer helps increase the Ry, by eliminating short circuits between the
contacts, which contributes to increased device efficiency. However, the
increased shunt resistance may not be the sole reason for the increased device
efficiency. The incorporation of CPE as an interlayer in the devices can also

influence their electrical characteristics.

The Ry of the CPE-based device increases as neutral < salt < OH salt
polymer category. Additionally, the Ry, tendency increases coherently with
FF, indicating improved device characteristics. Electrical properties, such as
low series resistance and high shunt resistance, of the devices, based on
neutral polymer, salt polymer, and OH salt polymer category, are responsible

for the increased FF.
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Figure 46. Photocurrent (Jph) density vs. effective voltage (Veff) of (a) neutral, (b)
salt, and (c) OH salt polymer category.
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We evaluated the relationship between photocurrent density (J,5) and
effective voltage (V¢sy) to understand the charge transport and collection
properties of the devices with and without an interlayer. Here, J,, and Vzf
were defined by J; (measured current density under illumination) — Jp
(measured current density in dark conditions) and V (voltage at J,, = 0) —

V. (applied voltage), respectively.

As shown in Figure 16, the log (Jpp) vs. log (Vss) showed a linear
relationship with a low Vs range and began saturating at a high Vzf
region. The V¢r values of the devices, in the saturated photocurrent regime

(Vsar), based on PFN-T, PEN-BT, and PEN-TBT were 0.53, 0.22, and 0.53 V,
respectively, which were smaller than that of the pristine ZnO-based device
(0.56 V). The Vg, values of the devices based on PFN-T salt, PEN-BT salt,
and PFN-TBT salt were 0.44, 0.33, and 0.26 V, respectively. Additionally, the
Vae values of the devices with PFN-T-OH salt, PFN-BT-OH salt, and PFN-

TBT-OH salt were 0.27, 0.18, and 0.24 V, respectively.

Noticeably, the magnitude of the V,; is in the order of neutral polymer
> salt polymer > OH salt polymer categories. This trend corresponds with the
change in Jg¢ and PCE of the devices because a smaller Vg, indicates a
faster transition from the space-charge-limited to the saturation regime. In

other words, there is a low Vg, energy barrier in the devices.
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The saturation current density (J¢4¢) can be correlated with the maximum
exciton generation rate (Gpqy), €xciton dissociation probability, carrier
transport, and collection probability at high Vsr. The Gpqx depends on the
absorption of light on the active layer and was determined by J,,/q - L,

where g is the electron charge and L is the thickness of the active layer.!%

Additionally, the carrier transporting and collecting probability current
saturation point was estimated using Jyn/Jsar atany Vegs. The Gppqy under
the J4q¢ condition of the devices based on pristine ZnO was 1.57 X 10?8
m~3s~1 and for the ZnO/PFN-T, ZnO/PEN-BT, and ZnO/PFN-TBT were
1.58%x 1028, 1.68x 10?8 and 1.61x 10?8 m3s~1, respectively. The PFN-
T salt, PFN-BT salt, and PFN-TBT salt derivatives-based devices exhibited
Goax Values of 1.58 % 10%8 .1.62 x 10?8 and 1.59 x 10?8 m=3s71,
respectively. The G4, values for PEFN-T-OH salt, PFN-BT-OH salt, and
PEN-TBT-OH salt-based devices were 1.64x 10%8.1.69x 1028, and 1.73%

1028 m3s71, respectively.

No significant change was observed in G,,,, as it is dependent on the
active layer absorbance. The Jg,; 1s limited by carrier transport and
collection upon dissociation of photo-generated excitons into free-charge
carriers at high V, ff.69 The point of Vs reached at saturated photocurrent,

Gax and the carrier transporting and collecting probability have strong
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correlation with the trend in Jgo values. These values reveal that CPEs
exhibited reduced charge recombination and increased charge collection

capability at the cathode layer interfaces.

The dependence of Jg¢ and Ve on light intensity ( Pygp, ) was

measured to investigate charge carrier recombination, which has been shown

via the Jgc vs. Pygne and Ve vs. Pigpe curves and their slopes. The
relationship between Jg¢ and Pjigp, is explained by the equation Jg¢

(Piigne )", where the value of a is unity when the bimolecular charge

recombination is negligible.!?’

As shown in Figure 17, the a value of the device without the interlayer
was 0.960. a values of devices with PFN-T, PFN-BT, and PFN-TBT were
0.964, 0.967, and 0.972, respectively. a values for devices based on PFN-T
salt, PFN-BT salt, and PFN-TBT salt were 0.975, 0.957, and 1.029,
respectively. The devices based on PFN-T-OH salt, PFN-BT-OH salt, and
PFN-TBT-OH salt showed a values of 0.966, 0.960, and 0.974, respectively.
According to the results, devices, which exhibit bimolecular recombination,
are suppressed in PSCs with CPE interlayers. In BHJ-type solar cells,
bimolecular recombination occurs mainly at the donor-acceptor interfaces of
the active layer and the interlayers. Devices have suppressed recombination

because of the decreased space charge at the interfaces. '’
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Figure 47. The dependence of Jsc on light intensity of (a) neutral, (b) salt, and (c)
OH salt polymer category.
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The relationship between V,. and intensity (Pyigp.) is explained by

Voe OCSkTTln In (Pyigne), where k,T,q, and Pjgp, are the Boltzmann

constant, temperature in Kelvin, electron charge, and illumination intensity,
respectively. The slope s of the V4 vs. Pyigpe curve provides information
about trap-assistance recombination. The slope has a value of 1 when band-
to-band (Langevin) recombination 1is superior to trap-assistance
recombination. If devices have only trap-assisted recombination, the s value

is 2. The slopes of the V,. vs. Pjigp, curves with and without the PFN of

CPE-based devices are shown in Figure 18.

For neutral polymers, devices without the PFN interlayer exhibited an s
value of 1.46. The s values of devices based on PFN-T, PEN-BT, and PFN-
TBT were 1.43, 1.25, and 1.36, respectively. The s values for devices based
on PFN-T salt, PFN-BT salt, and PEN-TBT salt were 1.35, 1.87, and 1.27,
respectively. The devices based on PFN-T-OH salt, PFN-BT-OH salt, and
PFN-TBT-OH salt have s values of 1.22, 1.19, and 1.19, respectively. These
results prove the effectiveness of CPEs on less trap existence. The changes in
the s values of devices correspond with the trend shown by PCEs of PSCs

and follow the FF trend.
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6). Electronic impedance spectroscopy (EIS) of PSCs

Electronic impedance spectroscopy (EIS) was performed to investigate
the carrier transport and recombination mechanism. As shown in Figure 19

were fitted to estimate the recombination resistance (R,..).

Efficient charge collection was implied by transport resistance, which is
smaller than the R,... The EIS spectra followed the Gerischer impedance
model for intense recombination situations. The absence of a transmission

line indicates that the devices experienced strong recombination.

In the Nyquist plots, the respective electrochemical steps, with
different time constants, are represented by semicircles. The distance
between  the  intercepts at the real axis corresponds to the
charge-transfer resistance of the device. '°’~!!* The larger the EIS semicircle,
the greater the R,... The higher R,,. values are related to the charge

extraction capability at the ZnO interfaces.

The R,.. values for devices based on PFN-T, PFN-BT, and PFN-TBT
were 1133, 1326, and 1450 k(, respectively. The R,..values for devices
based on PFN-T salt, PEN-BT salt, and PEN-TBT salt were 2081, 3585, and
2582 kA, respectively. The R,.. values for devices based on PFN-T-OH salt,
PFN-BT-OH salt, and PFN-TBT-OH salt were 3899, 4620, and 3694 kQ,

respectively. The semicircle size increased, leading to an increase in R,.
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Figure 49. Impedance spectra of (a) neutral, (b) salt, and (c) OH salt polymer
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The R,.. magnitude of the device was in the order: neutral polymer <
salt polymer < OH salt polymer categories indicating that the lowest reduced
interfacial recombination corroborates with the Ry, and FF of PSCs.
Additionally, the EIS results are consistent with the relationship between the

Voc and intensity (Py;gp;) of PSCs.

3. Conclusion

We synthesized and characterized a series of CPEs divided into three
categories: neutral polymer, salt polymer, and OH salt polymer. Each category
contained four different backbones (thiophene, benzothiadiazole, and
dithyenylbenzothiadiazole). The CPEs were introduced as interlayers in inverted
PSCs with an ITO/ZnO/CPE/PTB7-Th: PC71BM/Mo0O3/Ag structure. The
highest PCE, of 10.6%, was achieved with the PFN-BT-OH salt. Combined with
surface contact angle measurement, optical simulation, and photovoltaic
characterization of solar cells, we found that PCEs of the CPE-based devices
depended on the backbone structure and side chain functionality. Different
backbone structures resulted in varied molecular dipole moments, and the side
chain functionality induced a larger interface dipole and spontaneous
organization. This synergistic effect of the backbone and the side chain
functionality, and Jg¢ improvement heavily contributed to PCE enhancement

due to energy offset reduction at the cathode interface.
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Chapter II1

Effect of the Side Chain Functionality of the Conjugated
Polyelectrolytes as a Cathode Interlayer Material on the

Photovoltaic Performances
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Effect of the Side Chain Functionality of the Conjugated
Polyelectrolytes as a Cathode Interlayer Material on the

Photovoltaic Performances

1. Introduction

As a promising photovoltaic technology, polymer bulk heterojunction
solar cells (PSCs) based on the combination of an electron donor and an
electron acceptor with a bulk heterojunction (BHJ) is more advantageous over
the conventional device structure.''>!'® PSCs are attractive, clean, and
renewable energy generations. PSCs based on conjugated polymers have a
great deal of attention due to mechanical flexibility, lightweight, low-cost
energy sources, large scale, and fabrication through roll-to-roll

printing.46’48’49’ 119-122

The excitons (electron-hole pair) in BHJ generated in the photoactive
layer need to dissociate into holes and electrons for charge extraction.
However, owing to the short exciton diffusion lengths typically less than 10
nm, and lifetimes of 10 ns organic semiconductors. Such distances are within
the exciton pair mean free-path lengths (the minimum diffusion distance

before the exciton can be annihilated via recombination). The BHJ
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morphology with a well-interpenetrating network is required to assure
efficient exciton dissociation and transport before their decay to the ground
state. 01123124 - At optimized conditions between the donor-acceptor
interfacial area in bulk can phase separate into the desired nanoscale
architecture with an interpenetrating network and appropriate domain size
resulting in efficient charge collection, which is essentially important for BJIH

PSCs.’12

The active layer materials are important for device performance, much
effort has also been directed at improving overall device structures and
interfacial materials.'*® Besides the synthesis of photoactive materials,
cathode interlayer material (CIM) modification is also essential for enhancing
device performance. By placing a CIM between the active layer and the metal
cathode, the work function (WF) of the metal electrode will be aligning the

energy levels of the electrode and the active layer.

The most promising n-type metal compound for the metal cathode is
ZnO due to its electron mobility, stability, and solution processability.
However, the drawback of ZnO is the terminal hydroxy group in addition to
anion vacancy sites, obtained through the low-temperature annealing process,
which are known to act as electron traps and recombination centers. They can

affect the interfacial properties between the metal oxide and organic active
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layers, and thus, result in severe recombination losses and energy level

mismatch!?’-130

The intrinsic limitation of mismatched energy levels and unbalanced
carrier mobility can be conquered by interlayer modification '3!3 The CIM
can alleviate the interfacial energy barriers and facilitate the charge
transporting/collection capability when holes are collected at the anode and
electrons are extracted at the cathode.’® Appropriate materials could
efficiently hamper the recombination of charges and lower the contact
resistance at the active layer/electrode interface, which leads to enhance
hole/electron extraction. As a result, the parameter for enhancing power
conversion efficiency (PCE) such as the short-circuit current ( Jsc), open-
circuit voltage Vo and fill factor FF can be selectively or even

simultaneously enhanced in PSC devices.®%!3?

The conjugated polymer electrolytes (CPEs) which comprise conjugated
compounds in the main chain and polar ionic compounds in the side group
are used as cathode interlayer material in PSCs to improve the PCE. The
conjugated main chains yield typical organic semiconducting properties such
as intra-chain and/or inter-chain energy transfer, large optical densities, and

fluorescence resonance transfer.!>*
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The polar ionic group that makes CPEs soluble in polar solvents such as
dimethylsulfoxide (DMSO), dimethyl-formamide (DMF), and methanol
(MeOH), and their compensating ions can migrate under external electric
fields.'** This allows a formation of an interfacial dipole at the cathode
interface and improves the built-in electrical field.®*% The favoring intimate
contact with both the hydrophobic organic active layer and hydrophilic
electrode alcohol-soluble fabrication without intermixing with the
halogenated solvent processed active layer.5%* An ideal CIM would lower
the electrode WEF, have solubility properties orthogonal to those of the
photoactive layer, exhibit good film-forming properties
(wettability/uniformity), transport electrons selectivity, possess large electron

affinity, and exhibit long-term stability. 3313

In this paper, we synthesize and modify the side chain of poly[(9,9-
bis(3°-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dihexylfluor-
ene)] (PFN) to investigate the effect of different chain functionality as CIM
on the photovoltaic properties. As shown in Figure 20, the CPEs with
different side chains are poly [(9,9-bis(3°-(N-ethyl-N- dimethylamino)
propyl)-dibromide-2,7-fluorene)-alt-2,7-(9,9-dihexylfluorene)], denote as
PFN salt and poly[(9,9-bis(3‘-(N-hydroxyethyl-N-dimethylamino) propyl)
dibromide-2,7-fluorene)-alt-2,7-(9,9dihexyl-fluorene)]), denote as PFN-OH
salt. PFN salt and PFN-OH salt were synthesized by quaternization with
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bromoethane and bromoethanol. By applying the CPE as the CIM with
quaternary ammonium bromide salt in the inverted device structure
(ITO/ZnO/interlayer/PTB7-Th: PC71BM/Mo0O3/Ag), we found that the
PFN-OH salt category offers the highest PCEs compared with the PFN salt
and PFN precursor. The PCE of the devices with quaternized OH-salt reached
up to 9.62% due to the synergy effect of hydrogen bonding between the ZnO

layer and hydroxyl group in the quaternary salt.

The presence of a quaternary ammonium salt containing CIM affects the
Jsc in solar cells. The synergy effect of the CIM makes it possible to be
embedded in the ZnO layer. This is due to the formation of a favorable
interface dipole between the ZnO layer and the quaternary ammonium salt
layer. The fact that electron collection ability from the active layer to the
electron transport layer is improved by reducing the energy barrier at the

interface.”»!37

PFN PFN-Salt PFN-OH Salt

Figure 50. Chemical structure of the interlayer
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2. Result and Discussion

1.) Optical and electrochemical properties

The PFN salt and PFN-OH salt are soluble in alcohol, while the PFN
precursor needs the assistance of a small amount of acetic acid. The PFN salt
and PFN-OH salt are insoluble in chloroform, chlorobenzene, and
dichlorobenzene, which is suitable for multilayer device fabrication.?? UV-
vis spectroscopy was performed to investigate the optical properties of the
CIM. The PFN precursor was prepared by dissolving in methanol with the
molar ratio of acetic acid to polymer 6:1, while the PFN salt and PFN-OH
salt solutions were prepared in methanol only. Figure 21 shows the absorption
spectra of the thin film of the polymers based on PFN precursor, and the

optical properties are listed in Table 4.

The PFN film exhibited a maximum absorption wavelength band showed
at 358 nm due to the m-n* transition of the polymer backbone.'*® The
maximum absorption wavelength of PFN salt and PFN-OH salt appeared at
400, and 399 nm, respectively, which are red-shifted than PFN due to the
interchain interaction of PFN being more robust than that of PFN salt and
PFN-OH salt.!3® Their aggregation properties mainly cause a more vital

interchain interaction in the polyelectrolyte.!*
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Table 9. Optical and electrochemical properties of PFN, PFN salt, PFN-OH salt

Sample Amax” (nm) Aedgeb (nm) HOMO (eV) LUMO (eV)
PFN 358 421 -5.51 -2.13
PFN salt 400 433 - -
PFN-OH salt 399 433 - -

a Absorption maximum
b Optical bandgap was obtained from the onset wavelength (A edge) of the film
¢ Obtained from oxidation and reduction onset potential of the cyclic voltammogram

—e— PFN
—o— PFN salt
—a— PFN-OH salt

Absorbance (a.u.)

B, 2

Figure 51. UV-Vis spectra of PFN, PFN salt, PFN-OH salt.

Based on the onset reduction potential in cyclic voltammograms (CVs).
The LUMO energy level of PFN is estimated to be -2.13 eV and the HOMO
energy level of PFN to be -5.51 eV. The CVs were calibrated using the

ferrocene/ferrocenium (Fc/Fc+) redox couple as the reference. (Figure 22)
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Figure 52. Figure 3. Cyclic voltammograms of PFN.

2.) Theoretical calculation of the polymers

In identifying the bond interaction of interlayers in PSCs, we point out
that predicting modeling this system at the molecular scale requires density
functional theory (DFT). The theoretical calculation explores the electronic
properties and gives a preliminary insight into the geometric structures and
dipolar properties of the CIM. The density functional theory (DFT)
calculation was carried out with simple molecular geometries on the Gaussian
suite of programs (Gaussian 09).”® The optimized geometries of the interlayer
materials with dihedral angles and dipole moments are depicted in figure 23.
Dihedral angles are defined as the deviation from 180° of the torsional angles

between the adjacent fluorene units around the bond that connects them. A
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small dihedral angle (i.e., planar structure) promotes the delocalization of the
n-electron system. Similarly, the bond length alternation parameter provides
a quantitative measure of the homogeneity in the distribution of © electrons
over the bonds (Peierls distortion) by comparing the length of consecutive
bonds along the chain. An enhancement in the electronic delocalization tends

to equalize the bond lengths, reducing the bond length alternation.”

Figure 53. DFT-optimized geometries and dipolar properties of PFN
calculated by B3LYP/6-31G (d) level.

As shown in Figure 23, the polar groups situated as the side group on the
fluorene unit in PFN lead to 1.07 D. The PFN shows geometry with the
dihedral angles between the fluorene ring in the backbone are 37.78° and

37.63°. This calculation indicates that the combination of two fluorenes
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groups increases the steric hindrance and leads to twisted conformation
permanent dipole moment. The frontier molecular orbitals of the two
repeating units with theoretical HOMO/LUMO energy levels are shown in
Figure 24. The calculated HOMO/LUMO energy levels exhibit similar trends
in the UV-Vis and CV experiments. The HOMO/LUMO of PFN is

delocalized in the fluorene backbone.

S, Mg,

Figure 54. Frontier molecular orbitals of two-repeating unit models with
HOMO/LUMO energy levels calculated at the B3LYP/6-31G** level for PFN

3.) Investigation of the ZnO surface covered with CPEs

The ZnO/CIM surface properties were investigated by the water contact
angle measurement (Figure 25). The water contact angle of the ZnO/PFN
precursor was higher than the ZnO/PFN salt and ZnO/PFN-OH salt, which
resulted from the hydrophobic properties of PFN. The water contact angle of
the ZnO surface with PFN, PFN salt, and PFN-OH salt were 60.8°, 49.7°, and
44.1°, respectively, which are increased from the value of pristine ZnO

(28.6°). The quaternized PFN showed a lower water contact angle due to the
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increment of hydrophilicity of PFN-salt and the formation of hydrogen
bonding of PFN-OH salt. In general, the small water contact angle indicates
the suitable wetting property, and the advantage of the PFN-modified

interlayers for use in solar cells.

ZnO (28.6°) ZnO/PFN salt (49.7 °)

& ————
ZnO/PFN (60.8 °) ZnO/PFN-OH salt (44.1°)

Figure 55. Static water contact angle data of ZnO, ZnO/PFN, ZnO/PFN-
salt , and ZnO/PFN-OH salt.

To investigate the influence of interlayer on the work function of ZnO,
Kelvin Probe Microscopy (KPM) measurements were performed. Figure 26
showed the work function of ZnO with PFN, PFN salt, and PFN-OH salt. The
work function (WF) of ZnO with PFN, PFN salt, and PFN-OH salt -4.17, -
4.14, and -4.26 eV, respectively. The WF data of ZnO with interlayers were
higher than that of ZnO without interlayers (-4.4 eV). The mechanism behind
the improvement of the PCE has generally attributed to the WF change at the
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surface of ZnO by the formation of interface dipole *®, which can be tuned by

introducing the interlayer, i.e., transition from a Shottky to an Ohmic contact.

Thus, the reduced barrier height at the ZnO surface might improve the charge

collection capability.
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Figure 56. Energy level diagrams of ZnO/PFN, ZnO/PFN salt, and

As for polymer salts, a higher interface dipole can be expected because

the magnitude of the dipole moment of polymer salts could be higher than

those of neutral polymer categories. PFN can be dissolved in alcohol in the

presence of a small amount of acetic acid due to the weak interaction between

the nitrogen atoms in the side chain and the acetic acid. Neutral amine groups
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in PFN polymer are primarily physisorbed onto the ZnO surface.”'*?> The
reduction of the work function and energy level adjustment is a synergistic
effect from the PFN intrinsic molecular dipole (uMD) and the interfacial
dipole (uID) formed at the interface between the modifier molecules and
electrode surface.”® The contribution of plID is attributed to partial electron
transfer from the amine-containing molecules to the electrode surface®®. It has
been demonstrated that the amine and hydroxyl groups can spontaneously
adsorb on the ZnO surface resulting in dipolar polymerization.”> The
magnitude of the dipole moment of PFN-OH salts is higher than that of
polymer salts due to polar —OH groups generating a synergy effect in the
magnitude of dipole moment. Thus, the magnitude of interface dipole for

PFN-OH salts > PFN salts > neutral PFN.

The trend of the Jgc follow the trend of the WF of ZnO. Generally, the
work function difference in the charge transporting layer is not the main factor
affecting the built-in potential and the V. in the case of Fermi-level pinning.
% J. Park et al. also studied the spontaneous organization of side chains on
CPE.”” Based on our previous study, we discovered that the quaternized side
chain of CPE affects the WF and wetting ability by the spontaneous
arrangement of the side chain.”®® In the stacking devices architecture, when
we introduce an interlayer between ZnO and the active layer, the ionic groups

on the CPE backbone are directed away from the surface of the active layer.
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Simultaneously, the side chains pointed out toward the ZnO layer owing to
the spontaneous re-organization. The more significant number of the
accumulated ionic group at the CPE leads to an Ohmic contact and better

wettability on the active layer.

4.) Photovoltaic Properties

The photovoltaic properties of the device with CIMs were investigated
and studied. The structure of ITO/ZnO/CIM/PTB7-Th:PC71BM/Mo0O3/Ag
(figure 27a). The current density-voltage (/] — V) curves of the PSCs with
PFN as the interlayer under illumination (inset: under the dark condition)
showed in figure 27b In addition, the photovoltaic parameters were
summarized in table 5. The devices with CIM showed higher PCEs than that
of the device based on pristine ZnO.

This indicated that PFNs as CIMs are the potential materials for
interfacial modification to enhance the device's performance. The PCEs of
the PSCs with the neutral PFN, PFN-salt, and PFN-OH salt, were 8.80, 9.18,
and 9.62%, respectively, which are higher than that of the device without
interlayer. The improvement in the performance of neutral PFN category
devices mainly arises from the enhancement of the Jgc and FF ,
simultaneously. Device-based on PFN-OH salt showed significantly

improved PCE. This is due to the side change functionality enhancing the
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Figure 57. IPCE graph of (a) neutral polymer category, (b) salt polymer category, (c)
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Figure 58. (a) device architecture and (b). J-V curves of PFN, PFN salt, PFN-OH salt

device performance. The Js- values obtained from the Incident photon-to-
current efficiency (IPCE) curves (Figure 27) were in good agreement with the

values obtained under 1.0 sun illumination.
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The devices without interlayer exhibited the lowest performance where
the combination of low open-circuit voltage (V, ), short-circuit current (Jg¢),
and the fill factor (FF) resulted in a PCE of 8.74%. The mismatch of the WF
between the active and electrode layers and low charge extraction due to high

contact resistance occurred in the device based on pristine ZnQ >4,

We evaluated the relationship between the photocurrent density (/,,5,) and
effective voltage (V,sr) to understand the charge transport and collection
properties of the devices with and without interlayers. Here, the J,, and Ve
were defined by J; (measured current density under illumination) — Jp
(measured current density in dark conditions) and V, (voltage at J,, = 0) —
V, (applied voltage), respectively. The log () vs. log (Vs ) showed a linear
relationship between a low V¢ range and start to saturate at a high Vs
value region. The V,r values of the devices in the saturated photocurrent

regime (Vsq¢). The Vi, values of the devices based on PFN, PFN salt, and
PFN-OH salt were 0.55, 0.35, and 0.26 V, which are smaller than that of the
device based on pristine ZnO (0.56 V). The trend of V., well agreed with
the change of the /5. and PCE of the devices because a smaller V,,indicated
a faster transition from the space-charge-limited regime to the saturation

regime. In the other word Vy,; means the low energy barrier in the devices.
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Table 10. The performances of the PFN polymer series show the best PCE. The
averages (20 devices are averaged) are summarized in parentheses

T o Voo FF PCE R Rure
2

(mA/cm?) (@A) ) (%) %)  (Qemd)  (Qemd)
175 0.80 622 8.74

Zn0 17.5 5.26 552
(17.4) 0.80)  (62.1)  (8.71)
18.16 081 602 8.80

ZnO/PEN 18.1 4.04 911
(18.1) 081)  (599)  (8.70)
18.5 0.81 6138 9.18

ZnO/PFN salt 154 VO At~ co 7 505
17.9 0.80 67.4 9.62

ZnOPFN-OHsalt 7 79 Fo eso W\ 899

“ calculated from the IPCE curves, ” series, and © shunt resistance under illumination

Zn0
ZnO/PFN

ZnO/PFN salt 4
ZnO/PFN-OH salt ]

10 |
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01k
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Figure 59. Dependence of Jsc on light intensity of PEN, PFN salt, and PFN-OH

salt
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The saturation current density (Js,¢) can be correlated with the maximum
exciton generation rate (G, ), €xciton dissociation probability, and carrier
transport and collection probability at high Veg. The Gp,x  depends on the
absorption of light on the active layer and was determined by J,n/q L ,
where q is the electron charge, and L is the thickness of the active layer.!*?
The carrier transporting and collecting probability at the point of saturated
current was estimated from the ratio of [, / Jsqr at any Virr The  Gpgx
under the Jg ¢ condition of the devices based on pristine ZnO was 1.57 X

1028 m~3s~! and ZnO/PFN interlayer for the PFN, PFN salt, and PFN-OH

salt were 1.56, 1.62, and 1.62x 1028m™3s71, respectively.

The Js4¢ 1s limited by the carrier transport and collection, when all the
photo-generated excitons are dissociated into free charge carriers at high
V, ff.143 The point of V¢, reached at saturated photocurrent, the Gy,q, and
the carrier transporting and collecting probability are strongly related to the
trend of the Js- values. These values reveal that the CPEs exhibited
decreased charge recombination and increased charge collection capability at
the interfaces of cathode layers.

The dependence of Jgc and Vy¢ on light intensity (Py;4p,) was measured
to investigate the charge carrier recombination, which has been shown via

Jsc V8. Piignt and Vp¢ vs. Pygpe curves and the slope of those curves.
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Figure 60. The dependence of Voc on the light intensity of PFN, PFN salt, and

PFEN-OH salt

The relationship between Jg¢c and Pyigpe 1S explained by the equation
of Jgc o (PBjgnt o and the value of a indicates the balance of electron-hole

mobility. When a is close to 1, the device exhibited bimolecular
recombination under short-circuit conditions. As shown in Figure 29, a of the
device without interlayer exhibited 0.960. The a values of the devices with
PFN, PFN salt, and PFN-BT OH salts were 0.960, 0.967, 1.001, and 0.962,

respectively.

The electron mobility of the devices indicates that the devices exhibited
slight bimolecular recombination because of the decreased space charge at
the interfaces. The value of o from our measurement indicates that

bimolecular recombination is suppressed in PSCs with CPE interlayers. In
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BHJ-type solar cells, bimolecular recombination occurs mainly at the donor-
acceptor interfaces of the active layer and the interlayers. Devices suppress
recombination because of the decreased space charge at the interface!>. The
trap-assisted recombination is explained by the relationship between V.
and intensity (Pgp.). The slope of the Vo vs  Pyygpe curve has a value of 1
when the band-to-band (Langevin) recombination is superior to the trap-
assisted recombination. When the devices have only trap-assisted

recombination, the s value is 2.

The relationship is explained by this equation The relationship is

explained by this equation Voc SkT/q In (Pyigpn), where k, T, q and
Piigne are the Boltzmann constant, temperature in Kelvin, electron charge,
and illumination intensity, respectively. The slopes of the Vy¢ vs. Pgne
curves with and without the CIM of the devices are shown in Figure 30.
Devices without the CIM exhibited an s value of 1.46. The s values of the
devices based on PFN, PFN salt, and PFN-OH sat were 1.290, 1.294, and
1.410, respectively. These results prove the effectiveness of CPEs in reducing

the number of traps. The changes in the s values of devices correspond with

the trend shown by the PCEs of PSCs and follow the FF trend.

To investigate the carrier transport and recombination mechanism we

performed electronic impedance spectroscopy (EIS). As shown in Figure 31
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were fitted to estimate the recombination resistance (R,..) at 0 bias. The
efficient charge collection was implied by transport resistance, which is

smaller than recombination resistance R,...

2500
m ZnO
A ZnO/PFN
v ZnO/PFN salt
2000 m ZnO/PFN-OH salt .
1500 s
G
3
A 1000 .
1
500 E
0 . E

0 600 1200 1800 2400 3000 3600
7' (kQ)

Figure 61. Impedance spectra of PFN, PFN salt, and PFN-OH salt

The EIS spectra followed the Gerischer impedance model in an intense
recombination situation. The absence of a transmission line indicates that the
devices experience strong recombination. In the Nyquist plots, the respective
electrochemical steps with different time constants were
represented by the semicircles. The length between the intercepts at
the real axis corresponds to the charge transfer resistance of the
device. 7114 The larger size of the EIS semicircle shows a greater R,.... The
higher R,,. values are related to the charge extraction capability at the ZnO

interfaces. The R,... of the device based on PFN, PFN salt, and PFN-OH salt
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were 1300, 2703, and 3141 k(, respectively. The size of the semicircle is
increased, leading to increased R,... The magnitude of R,.. of the device
was in the order of neutral PFN < PFN salt < PFN-OH salt. This indicates
that the lowest reduced interfacial recombination has a good agreement with

the Ry, and FF of the PSCs.

3. Conclusion

We have synthesized and characterized cathode interlayer material (CIM)
that contain neutral polymer (PFN), polymer salt (PFN salt), and polymer-
OH salt (PFN-OH salt). The CIM was introduced in an inverted PSCs with a
structure: ITO/ZnO/CIM/PTB7-Th: PC71BM/Mo0O3/Ag. The highest PCE of
9.62% was achieved by PFN-OH salt. Combined with surface contact angle
measurement, optical simulation, and photovoltaic characterization of the
solar cells, we found that the PCEs of the device based on CPEs depend on
the side chain functionality. The quaternized salt and OH salt induces a
larger interface dipole and spontaneous organization. This synergy effect
from the backbone and side chain functionality are the major significant
contribution to enhancing the PCEs. Main contribution in enhancing the PCE
resulted from the improving the J¢c. This is due to the reduction of the energy

offset at the cathode interface.
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